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Two methods  a r e  d e s c r i b e d  f o r  t h e  s t u d y  o f  t h e  k i n e t i c s  
o f  f a s t  e l e c t r o d e  r e a c t i o n s o  The p o t e n t i a l  o f  t h e  e l e c t r o d e  
w{iose k i n e t i c s  i s  b e i n g  s t u d i e d  i s  a d j u s t e d  a t  i t s  e q u i l i b r i ­
um v a l u e  i n  a b s e n c e  o f  a n y  c u r r e n t ,  and  a c u r r e n t  i m p u l s e  v
-r*
r e p r e s e n t e d  by a s t e p  f u n c t i o n  (Method I )  o r  a p e r i o d i c  
c u r r e n t  r e p r e s e n t e d  by a s q u a r e  wave (Method I I )  i s  p a s s e d  
t h r o u g h  t h e  e l e c t r o l y t i c  c e l l o  The p o t e n t i a l  o f  t h e  e l e c t r o d e  
i s  r e c o r d e d  d u r i n g  e l e c t r o l y s i s ,  an d  t h e  k i n e t i c  p a r a m e t e r s  
f o r  e l e c t r o n  t r a n s f e r ,  t h e  r a t e  c o n s t a n t  ks and  t h e  t r a n s ­
f e r  c o e f f i c i e n t  oc a r e  d e t e r m i n e d  f rom  p o t e n t i a l - t i m e  cu rv eso  
Method Io A r i g o r o u s  m a t h e m a t i c a l  a n a l y s i s  i s  p r e s e n t e d  
f o r  t h e  p o t e n t i a l - t i m e  c u r v e s  i n  t h e  e a r l y  s t a g e s  o f  e l e c t r o l y ­
s i s  when t h e  v a r i a t i o n s  o f  p o t e n t i a l  a r e  o n l y  o f  t h e  o r d e r  
o f  a few m i l l i v o l t s  o The I n f l u e n c e  o f  t h e  e l e c t r i c a l  doubl^e 
l a y e r  on p o t e n t i a l - t i m e  c u r v e s  i s  d i s c u s s e d ,  and  e q u a t i o n s  
a r e  d e r i v e d  w h ich  p e r m i t  t h e  c a l c u l a t i o n  of^ t h e  k i n e t i c  
p a r a m e t e r s  k and  o( f rom e x p e r i m e n t a l  d a t a o  V a lu e s  o f  kg 
up t o  10 cmoseco can be  d e t e r m i n e d  e a s i l y  an d  t h i s  method 
can  be a p p l i e d  t o  t h e  s t u d y  o f  t h e  k i n e t i c s  o f  s c - c a l l e d  
" r e v e r s i b l e "  e l e c t r o d e  r e a c t i o n s  i n  a q u e o u s  s o l u t i o n s  and 
f u s e d  s a l t s .  E x p e r i m e n t a l  r e s u l t s  f o r  t h e  r e d u c t i o n  o f  
cadmium i o n s  on cadmium amalgam c o n f i r m  t h e  t h e o r y u
Method IIo  An eq u a t io n  f o r  p o t e n t i a l - t i m e  cu rves  i s  
d e r iv e d  f o r  t h e  s t e a d y  s ta te®  The a n a l y s i s  o f  t h i s  eq u a t io n  
sho^s  t h a t  t h e  r a t e  c o n s t a n t s  up t o  1 cm®seco” l  co u ld  be  
d eterm in ed ;  t h i s  method i s  thus comparable t o  t h e  e l e c t r o l y ­
s i s  w i t h  superim posed  a l t e r n a t i n g  voltage®
In a d d i t i o n ,  a g e n e r a l  c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p  
e x p r e s s e d  in  terms o f  L ap lace  tra n s fo rm s  i s  d e r i v e d  f o r  
e l e c t r o l y s i s  i n v o l v i n g  o n ly  s m a l l  v a r i a t i o n s  in  p o t e n t i a l
and w i t h  mass t r a n s f e r  c o n t r o l l e d  s o l e l y  by l i n e a r  d i f fu s io n ®
✓
The com p lete  s o l u t i o n ,  i n c l u d i n g  t r a n s i e n t s ,  f o r  e l e c t r o l y s i s
a
w it h  a l t e r n a t i n g  v o l t a g e  o f  low a m p li tu d e  i s  g iv e n  i n  Appendix®
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CHAPTER I  -  INTRODUCTORY REMARKS AND REVIEW OF LITERATURE
Gen e r a l  C u r r e n t - P o t e n t i a l  R e l a t i o n s h i p
The r a t e '  o f  an  e l e c t r o d e  p r o c e s s  r e p r e s e n t e d  by  t h e  
s y m b o l i c  e q u a t i o n
0 +  n e ^ R  ( 1- 1 )
and  i n v o l v i n g  o n l y  a s i n g l e  r a t e  d e t e r m i n i n g  s t e p  can be 
e x p r e s s e d  i n  t e rm s  o f  t h e  e l e c t r i c  c u r r e n t  a s  f o l l o w s
( 3 ,  5 ,  6 ,  9 ,  19s 22)
w h e re  t h e  f o l l o w i n g  n o t a t i o n  i s  u sed?
i ^ - t h e  c u r r e n t  d e n s i t y  i n  am peres  p s r  s q u a r e  cen t im ete r* .  
C a th o d ic  c u r r e n t s  a r e  r e g a r d e d  a s  p o s i t i v e  q u a n t i t i e s 0 
n - t h e  number o f  e l e c t r o n s  i n v o l v e d  i n  t h e  e l e c t r o d e  
r e a c t i o n  ( l - l ) o  
F - t h e  f a r a d a y o  
R - t h e  gas  cons tan t* .
T - t h e  a b s o l u t e  tem p e ra tu re®
Cq and  C ^ - th e  c o n c e n t r a t i o n s  o f  t h e  s u b s t a n c e s  0 and  R* 
r e s p e c t i v e l y *  a t  t h e  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  in  •" 
urii tsNjiiol es u cm“'3 0
E - t h e  e l e c t r o d e  p o t e n t i a l  in  v o l t s *  r e f e r r e d  t o  t h e  no rm al  
hyd ro g en  e l e c t r o d e . .
- t h e  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  e l e c t r o d e  p ro c e s s . .  
cxE r e p r e s e n t s  t h e  f r a c t i o n  ( 0 4 * * < 1 )  of  p o t e n t i a l  E w hich  
f a v o r s  t h e  c a t h o d i c  r e a c t i o n  of  p r o c e s s  ( 1- 1 );  l i k e w i s e ,
1
2
t h e  f r a c t i o n  ( l - o c ) E  f a v o r s  t h e  a n o d i c  r e a c t i o n o
^ f , h  anc* k-b, h ' ^ k e  f o r m a l  r a t e  c o n s t a n t s  a t  E = 0 ,  i n  
cm« sec ." '* ' ,  f o r  t h e  f o r w a r d  and backw ard  r e a c t io n s - ^  r e s p e c t i v e l y ,
i n  t h e  h e t e r o g e n e o u s  p r o c e s s  r e p r e s e n t e d  b y  e q u a t i o n  ( 1—1 )« 
The k f s a r e  f o r m a l  r a t e  c o n s t a n t s  b e c a u s e  t h e  a c t i v i t y  c o e f ­
f i c i e n t s  o f  t h e  r e a c t i n g  s u b s t a n c e s  a r e  i n c l u d e d  in  t h e i r  
v a l u e s  o
number o f  e l e c t r o n s  i n v o l v e d  in  t h e  r a t e  d e t e r m i n i n g  s t e p  of
fi **** *
i n  t h e  o v e r - a l l  r e a c t i o n o  F u r t h e r m o r e ,  i t  i s  assum ed  t h a t  
s p e c i e s  0 i s  s o l u b l e  i n  t h e  s o l u t i o n  and  t h a t  t h e  r e d u c t i o n  
p r o d u c t  R i s  s o l u b l e  e i t h e r  i n  t h e  s o l u t i o n  o r  i n  t h e  e l e c t r o d e
e l e c t r o d e ) o  However,  t h e  m o d i f i c a t i o n  o f  e q u a t i o n  ( 1 -2 )  
and t h e  s u b s e q u e n t  t r e a t m e n t  i s  t r i v i a l  f o r  t h e  c a s e  i n  w h ich  
R i s  an i n s o l u b l e  s p e c i e s  ( m e t a l ) o
At t h e  e q u i l i b r i u m  p o t e n t i a l  Ee t h e r e  i s ,  by d e f i n i t i o n ,  
e l e c t r o c h e m i c a l  e q u i l i b r i u m  b e tw e en  t h e  s p e c i e s  i n v o l v e d  in  
r e a c t i o n  ( 1 - 1 ) o Hence,  t h e  c u r r e n t^  g iv e n  by e q u a t i o n  ( 1 -2 )  
i s  e q u a l  t o  zero , ,  and  t h e  f o l l o w i n g  r e l a t i o n s h i p  i s  o b t a i n e d 0
w l e r e  Cq and  a r e  t h e  c o n c e n t r a t i o n s  o f  0 and R, r e s p e c t i v e l y ,  
a t  e q u i l i b r i u m .  By i n t r o d u c t i o n  o f  t h e  s t a n d a r d  p o t e n t i a l  E0 , 
e q u a t i o n ^ ( 1- 3 ) can bb t r a n s f o r m e d  i n  t h e  f o l l o w i n g  form
E q u a t i o n  ( 1 - 2 )  i s  w r i t t e n  on t h e  a s s u m p t i o n  t h a t  t h e
r e a c t i o n  ( 1 - 1 ) i s  e q u a l  t o  t h e  number o f  e l e c t r o n s  i n v o l v e d
(as i n  t h e  d e p o s i t i o n  o f  an amalgam f o rm in g  m e t a l  on a m e rc u ry
3
r ( t~ °*) OC
C0  C°R ks =  k e ( i - * J
w h ere  k3 i s  d e f i n e d  by
and  can b e  i d e n t i f i e d  a s  t h e  r a t e  c o n s t a n t  a t  t h e  s t a n d a r d  
p o t e n t i a l  E°o
In  view o f  e q u a t i o n s  (1 -3 )*  ( 1 - 4 ) 9 and  ( 1 - 5 )  t h e  g e n e r a l
c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p  ( 1- 2 ) can now be  r e w r i t t e n  i n
v
a fo rm  c o n t a i n i n g  o n ly  one r a t e  c o n s t a n t  kSs i o e 0 ,
When t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  a r e  e q u a l  ( Cq =. Cr =  C ° ) ,  
E i s  t h e  f o r m a l  s t a n d a r d  p o t e n t i a l  E° ,  and one has
I t  i s  s e e n  f&om e q u a t i o n  ' ,1-6)  t h a t  t h e  c u r r e n t  i s  now
a f u n c t i o n  o f  t h e  d i f f e r e n c e  o f  p o t e n t i a l  (E -E e ) p w h e re a s  i n  
e q u a t i o n  ( 1 - 2 )  t h e  c u r r e n t  dep e n d s  on p o t e n t i a l  E0 F u r t h e r ­
more , t h e  e x p r e s s i o n  ( 1- 6 ) c o n t a i n s  o n ly  one r a t e  c o n s t a n t  
ks which* a s  was p o i n t e d  o u t  by R a n d le s  ( 2 9 ) 9 d o es  n o t  depend  
e x p l i c i t l y  on t h e  c h o i c e  of  t h e  z e r o  p o i n t  f o r  t h e  p o t e n t i a l  
s c a l e , .  I t  i s > t h e r e f o r e v more a d v a n ta g e o u s  t o  u s e  t h e  t r u l y  
c h a r a c t e r i s t i c  p a r a m e t e r  r a t h e r  th a n  k^ jx and  k£ h in  
co m p ar in g  t h e  k i n e t i c  c h a r a c t e r i s t i c s  of  e l e c t r o d e  p r o c e s s e s . ,
h
The p r o d u c t  o f  c o n s t a n t s
/7/-"/Cj Cq C  ̂  =  u0 (  I -  $)
i s  e q u a l  t o  t h e  s o - c a l l e d  " e x c h a n g e  c u r r e n t  d e n s i t y "  w h ich  i s  
u s e d ,  p a r t i c u l a r l y *  i n  t h e  German l i t e r a t u r e ,  t o  c h a r a c t e r i z e  
t h e  k i n e t i c s  o f  e l e c t r o d e  r e a c t i o n s o  The main d raw b ack  in  
t h e  u s e  o f  i Q r e s u l t s  f rom  t h e  d e p e n d e n c e  o f  t h e  exchange  
c u r r e n t  on t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s ,  i 0e 0 , t h e  e q u i ­
l i b r i u m  p o t e n t i a l o
S u r v e y  o f  M ethods f o r  t h e  P e t e r m i n a t i o n  o f  k s
\
R e c e n t l y  R ub in  an d  C o l l i n s  (32)  a p p l i e d  t h e  method o f  
random f l i g h t s  t o  c a l c u l a t e  t h e  number o f  c o l l i s i o n s  b e tw e en  
t h e  r e a c t i n g  s p e c i e s  and  t h e  e l e c t r o d e  a n d ,  a s s u m in g  t h a t  
ea ch  c o l l i s i o n  r e s u l t s  i n  an e l e c t r o n  t r a n s f e r ,  e v a l u a t e d
\
t h e  u p p e r  l i m i t  o f  k s t o  be  o f  t h e  o r d e r  o f  10^ t o  1CA cm* 
s e c 7 ^  a t  room t e m p e r a t u r e o
C o n v e n t i o n a l  p o l a r i z a t i o n  e x p e r i m e n t s  e n a b l e  one t o  
d e t e r m i n e  v a l u e s  o f  k s up  t o  a p p r o x i m a t e l y  10“ 2 cm0s e c o ~ l  
When t h i s  l i m i t  i s  e x c e e d e d ,  e l e c t r o n ,  t r a n s f e r  i s  so  r a p i d  
t h a t  c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p s  d e t e r m i n e d  by o r d i n a r y  
p o l a r i z a t i o n  m ethods obey  t h e  Nex^nst e q u a t i o n ,  due  a l l o w a n c e  
b e i n g  o f  c o u r s e  made f o r  c o n c e n t r a t i o n  p o l a r i z a t i o n o  Such  a 
s i t u a t i o n  i s  e n c o u n t e r e d ,  f o r  exam ple ,  in  p o l a r o g r a p h y ;  t h e  
l i m i t  kg < l C f 2 cm o sec o ^ l  was p r e c i s e l y  d ed u c ed  f o r  t h i s  t y p e  
o f  e l e c t r o l y s i s  ( 1 0 ) ,  N
R e c e n t ly . ,  G e r i s c h e r  and V i e l s t i c h  (34) u s e d  a v o l t a g e  
i m p u l s e  o f  a few m i l l i v o l t s  R e p r e s e n t e d  m a t h e m a t i c a l l y  by  a
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s t e p  f u n c t i o n  and  g e n e r a t e d  by  an e l e c t r o n i c  p o t e n t i o a t a t ) 
t o  i n v e s t i g a t e  t h e  k i n e t i c s  o f  e l e c t r o d e  p r o c e s s e s o  The 
k i n e t i c  p a r a m e t e r s  w e re  c a l c u l a t e d  f rom  t h e  r e s u l t i n g  c u r r e n t ­
t i m e  c u rv e s o  However,  t h e  c h a r g i n g  o f  t h e  d o u b l e  l a y e r  and  
t h e  r e s u l t i n g  v a r i a t i o n  i n  p o t e n t i a l  i n t e r f e r e s  w i t h  t h e  
m e a s u r e m e n t s 9 when v e r y  f a s t  p r o c e s s e s  a r e  i n v o l v e d 0 The 
t i m e  c o n s t a n t  o f  t h e  e l e c t r i c  c i r c u i t  i s  t h e n  o f  t h e  same 
o r d e r  o f  m a g n i tu d e  a s  t h e  t i m e  d u r i n g  w h ich  c u r r e n t - t i m e  
c u r v e s  a r e  o b s e rv e d o
Somewhat f a s t e r  p r o c e s s e d Ncan be  s t u d i e d  by e l e c t r o l y s i s  
w i t h  s u p e r im p o s e d  s i n u s o i d a l  v o l t a g e ,  and  v a l u e s  (29)  o f  
k s up t o  1 cm oseco” -̂ can  p r o b a b l y  b e  d e t e r m in e d o  T h i s  method 
was a p p l i e d  t o  e l e c t r o d e  s t u d i e s  by  v a r i o u s  a u t h o r s ;  t h e  
work o f  R a n d le s  (2 # ,  30)  y E r s h l e r  ( 1 2 ) ,  G e r i s c h e r  (1 4 )?  and 
Grahame (20)  s h o u l d  b e  p a r t i c u l a r l y  n o te d o  The p o t e n t i a l  i n  
t h i s  m ethod v a r i e s  p e r i o d i c a l l y  a b o u t  t h e  e q u i l i b r i u m  v a l u e  
by a few m i l l i v o l t s o  The a l t e r n a t i n g  c u r r e n t  i s  t h e  sum- o f  
two com ponen ts  r e s u l t i n g  f rom  e l e c t r o n  t r a n s f e r  ( t h e  f a r a d a i c  
c u r r e n t )  and  f rom  t h e  c h a r g i n g  and  d i s c h a r g i n g  o f  t h e  d o u b le  
l a y e r  ( t h e  c a p a c i t y  c u r r e n t }„ The f a r a d a i c  c u r r e n t  i n c r e a s e s  
w i t h  t h e  s q u a r e  r o o t  o f  t h e  f r e q u e n c y . ,  and t h e  c a p a c i t y  c u r r e n t  
i s  p r o p o r t i o n a l  t o  t h e  f r e q u e n c y . .  T h u s , t h e  c a p a c i t y  c u r r e n t  
i s  p r e p o n d e r a n t  a t  h i g h  f r e q u e n c i e s ,  and t h e  r a t e  o f  e l e c t r o n  
t r a n s f e r  c a n n o t  b e  d e t e r m in e d o  N e v e r t h e l e s s ,  h ig h  f r e q u e n c i e s  
must be u s e d  f o r  f a s t  e l e c t r o n  t r a n s f e r  p r o c e s s e s  b e c a u s e  
mass t r a n s f e r  ( d i f f u s i o n )  from s o l u t i o n  t o  e l e c t r o d e  d u r i n g
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each a l t e r n a t i o n  o f  t h e  v o l t a g e  wave* n o t  t h e  e l e c t r o n  t r a n s f e r
' ■>
a t  t h e  i n t e r f a c e *  d e term in es  t h e  cu rren t  a t  low freq u en cies .*
E l e c t r o l y s i s  a t  c o n s ta n t  current*  which was f i r s t  u sed  
more than f i f t y  y e a r s  ago* has r e c e n t l y  been r e v i v e d  (2* 9*
17* 24* 25* 26) but i t  has n e v e r  been a p p l i e d  t o  t h e  s t u d i e s  
o f  f a s t  e i e c t r o d e  r ea c t io n s®  I t  i s  th e  purpose  o f  this . ,  
d i s s e r t a t i o n  t o  show how t h i s  a p p l i c a t i o n  can be madeo 
Purpose o f  t h e  D i s s e r t a t i o n
When t h e  e l e c t r o n  t r a n s f e r  p r o c e s s  i s  v e r y  f a s t *  t h e  
o v e r - a l l  r a t e  o f  t h e  e l e c t r o d e  r e a c t i o n  i s  c o n t r o l l e d  by 
mass t r a n s f e r o  In order t o  o b ta in  k i n e t i c  param eters f o r  
th e  e l e c t r o n  t r a n s f e r  p ro cess*  i t  i s  n e c e s s a r y  t o  s tu d y  t h e  
k i n e t i c s  o f  t h e  o v e r a l l  r e a c t i o n  b e f o r e  mass t r a n s f e r  becomes  
t h e  r a t e  c o n t r o l l i n g  f a c t o r c  This  cou ld  be a cco m p lish ed  by  
s t u d y in g  t h e  r a t e  o f  an e l e c t r o d e  p r o c e s s  in  t h e  e a r ly  s t a g e s  
o f  e l e c t r o l y s i s *  i 0e 0* b e f o r e  th^  c o n c e n t r a t i o n s  o f  r e a c t i n g  
s p e c i e s  a t  t h e  e l e c t r o d e  have changed t o  any c o n s i d e r a b l e  
e x t e n t  o
The purpose  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  a p p ly  
t h e  above  g e n e r a l  id e a  by d e v e l o p in g  a method o f  e l e c t r o l y s i s  
w it h  a cu r r e n t  im pulse  r e p r e s e n t e d  m a th e m a t ic a l ly  by a s t e p  
f u n c t io n o  In a d d i t io n *  e l e c t r o l y s i s  w i t h  a sq u are  wave 
c u r r e n t  and t r a n s i e n t s  in  e l e c t r o l y s i s  w i th  s i n u s o i d a l l y  
a l t e r n a t i n g  v o l t a g e  o f  sm a l l  a m p li tu d e  w i l l  be considered . ,
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Only c a s e s  i n v o l v i n g  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  
i n  an u n s t i r r e d  s o l u t i o n  w i l l  be co n s id ered *  s i n c e  c a s e s  o f  
s p h e r i c a l  or c y l i n d r i c a l  d i f f u s i o n  can be t r e a t e d  as  l i n e a r  
d i f f u s i o n  problems p rov id ed  t h a t  t h e  d u r a t io n  o f  e l e c t r o l y s i s  
i s  s u f f i c i e n t l y  s h o r t  (1 s e c 0 or l e s s )  (31 )* a c o n d i t i o n  
w hich  i s  g e n e r a l l y  f u l f i l l e d  in  t h e  above m entioned ty p e s  o f  
e l e c t r o l y s i s o  C onvect ion  e f f e c t s  w i l l  be n e g l e c t e d  b e c a u se  
o f  t h e  s h o r t  d u r a t io n  o f  e l e c t r o l y s i s o  Furthermore, i t  w i l l  
be assumed t h a t  t h e  s o l u t i o n  b e in g  e l e c t r o l y z e d  c o n t a in s  a 
l a r g e  e x c e s s  o f  s u p p o r t in g  e l e c t r o l y t e *  and t h a t  m ig r a t io n  
e f f e c t s  can be neglected**
t
In t h e  m a t h e m a t i c a l  t r e a t m e n t  of  d i f f u s i o n  t h e  t e rm  
" s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n "  i m p l i e s  t h a t  t h e  d i f f u s i o n  
t a k e s  p l a c e  in  a medium w h ich  i s  bounded  by a p l a n e  a t  x -  0 ,  
and e x t e n d s  t o  i n f i n i t y  i n  t h e  p o s i t i v e  d i r e c t i o n  of  t h e  x -  
a x i s ,  and  t h a t  t h e  d i f f u s i o n  p r o c e e d s  o n ly  in  t h e  d i r e c t i o n  
o f  t h e  x - a x i S o
CHAPTER II  -  ELECTROLYSIS WITH A CURRENT IMPULSE REPRESENTED
BY A STEP FUNCTION
I n t r o d u c t io n
The p o t e n t i a l  o f  t h e  e l e c t r o d e  whose k i n e t i c s  i s  b e in g  
s t u d i e d  i s  a d j u s t e d  t o  i t s  e q u i l ib r iu m  v a lu e  in  t h e  a b se n c e  
of  any c u r r e n t ,  and a cu rren t  im p u lse  r e p r e s e n t e d  by a s t e p  
f u n c t i o n  i s  a p p l i e d  t o  t h e  e l e c t r o l y t i c  c e l l o  Th is  c e l l  
may be composed o f - t w o  i d e n t i c a l  p o l a r i z e d  e l e c t r o d e s  or  
o f  one p o l a r i z e d  and one u n p o la r i z e d  e l e c t r o d e o  The s o l u t i o n  
i s  n o t  s t i r r e d  and a l a r g e  e x c e s s  o f  s u p p o r t in g  e l e c t r o l y t e  
i s  p r e s e n t  in s o l u t i o n ,  i c e o ,  d i f f u s i o n  i s  v i r t u a l l y  t h e  
s o l e  mode o f  mass t r a n s f e r 0 The p o l a r i z e d  e l e c t r q d e  i s  a 
p l a n e ,  and c o n d i t i o n s  o f  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  a r e  
assumed t o  p r e v a i l 0 The v o l t a g e  a c r o s s  t h e  c e l l  i s  reco rd ed  
d u r in g  e l e c t r o l y s i s ,  and t h e  r a t e  c o n s t a n t  ks i s  determ ined  
from v o l t a g e - t i m e r c u r v e s ,
Under th e  f o r e g o i n g  c o n d i t i o n s  o f  e l e c t r o l y s i s ,  t h e  con­
c e n t r a t i o n ,  C0 ( x , t ) , o f  t h e  e l e c t r o l y z e d  s u b s ta n c e  0 and o f  
i t s  r e d u c t io n  product R a r e  g iv e n  by t h e  s o l u t i o n  o f  F ick^s  
d i f f u s i o n  eq u at ion
h C ( * A )  r c ) C / X . ( J  ^  |
~ T t
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f o r  t h e  f o l l o w i n g  i n i t i a l  and  b o u n d a ry  conditions*^*?
C0 (**o)= C0 ) .
C r  I  <  u )  ■■ L h  ■
_ ^d
t 0 M — > c 0̂ j t ^ 0 j ^ 0 0  ( Z . ZL)  
Cn(<. i ) — -> L r J
o 9w here  t h e  C s a r e  t h e  b u l k  c o n c e n t r a t i o n s  o f  s u b s t a n c e s  0 
and  R i n v o l v e d  i n  t h e  e l e c t r o d e  r e a c t i o n  (0 /  n e - * R ) ,  t h e  
D9s a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s , i ^  i s  t h e  c u r r e n t  d e n s i t y  
a t  t h e  e l e c t r o d e *  n t h e  number o f  e l e c t r o n s  i n v o l v e d  i n  t h e
r e a c t i o n *  F t h e  f a r a d a y ,  x t h e  d i s t a n c e  f rom  t h e  e l e c t r o d e ,
\
and t  t h e  t im e  e l a p s e d  s i n c e  t h e  b e g i n n i n g  o f  e l e c t r o l y s i s a
S u b s t a n c e s  0 a n d .R  a r e  assum ed t o  be  s o l u b l e  i n  s o l u t i o n
(one  o f  them may be  i n s o l u b l e  i n  s o l u t i o n  b u t  s o l u b l e  in  t h e
e l e c t r o d e  a s  i n  t h e  c a s e  o f  a ma lg am  f o r m a t i o n )  e. T h i s
b o u n d a r y  v a l u e  p r o b l e m  was  s o l v e d  by  S a n d  ( 3 3 )  i n  1900;,. %
t h e  c o n c e n t r a t i o n ;  a t  t h e  e l e c t r o d e  s u r f a c e  (or = 0 ) a r e  g iv e n
/ '6'< ' J r J / \
/’  ̂0 i 1 - ■ . * ™ ~ I0 \ 1 j ~  ̂' rr ^
and
rryy- r  i
id t. °
1 The b o u n d a ry '  c o n d i t i o n  ( 2 - 2 b )  was o b t a i n e d  by  e q u a t i n g  
t h e  i -doe o f  d i f f u s i o n  o f  t h e  r e a c t i n g  s u b s t a n c e  a t  t h e  e l e c t r o d e  
s u r f a c e  (x -  0 )  t o  t h e  r a t e  a"  w h i c h  t h i c  i s  c o n s u m e d
o r  p r o d u c e d  i n  t h e  e l e c t r o  1 y t i c  p r o c e s ?
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The t im e  r e q u i r e d  t o  r e a c h  c o m p le t e  d e p l e t i o n  o f  t h e  
*
s u b s t a n c e  b e i n g  e l e c t r o l y z e d  i s  c a l l e d  t h e  t r a n s i t i o n  t i m e , 
and  i s  i n d i c a t e d  by a . r a p i d  change  in  t h e  p o t e n t i a l  o f  t h e  
w o rk in g  e l e c t r o d e o  I f  t h e  t r a n s i t i o n  t i m e  *£ i s  i d e n t i f i e d  
w i t h  t h e  t i m e  a t  w h ich  CQ(0 , t )  i n  e q u a t i o n  ( 2- 3 ) becomes 
e q u a l  t o  z e r o ,  one d e d u c e s  from ( 2- 3 )
z \  A
2 id ' ( '
S i n c e  t h e  v a r i a t i o n s  o f  p o t e n t i a l  i n  t h e  im m ed ia te
v i c i n i t y  o f  t h e  t r a n s i t i o n  t im e  a r e  o f t e n  q u i t e  l a r g e  ( s e v e r a l
t e n t h  o f  a v o l t ) ,  t h e '  t r a n s i t i o n  t i m e  can b e  m easu red  w i t h
a good p r e c i s i o n 0 C o n s e q u e n t l y ,  c o n c e n t r a t i o n s ,  d i f f u s i o n
o '/£c o e f f i c i e n t s ,  and  p a r t i c u l a r l y  t h e  p r o d u c t  CqDq , w h ich  
w i l l  be  f r e q u e n t l y  e n c o u n t e r e d  in  t h e  s u b s e q u e n t  e x p r e s s i o n s , 
can be  c o n v e n i e n t l y  d e t e r m i n e d  f rom  t r a n s i t i o n  t im e so  
S i m p l i f i e d  D e t  e r  m in  a 1 1 on o f  k s and cx
I n  v i e w  o f  e q u a t i o n  ( 2 - 5 )  t h e  c o n c e n t r a t i o n s  o f  t h e
(r
s u b s t a n c e ^  i n v o l v e d  i n  t h e  e l e c t r o d e  r e a c t i o n  can  b e  r e w r i t t e n  
a s  f o l l o w s
//
/  / i - O 1 ' t  I 1
C 0 ' O f f . -  ■ ' ' ( t - i  J  ( Z - 6 )
a n d
/ u I * ' I
'C,;.; - ( 1 - 7 )k ^ V \ _
w h e r e  t h e  T ' s  a r e  t h e  lor, t i m e s  f etr t^he c a t h o d i c  a nd
a n o d i c  p r o c e s s e s ,  I r t r o d , ; -  ng  *‘ t e  v a l u e s  o f  Cq a n d  g i v e n  
by  e q u a t i o n s  »'2-6)  a n d  \ 2 n . m  t o e  g e n e r a l  c i i r r  e n t - p o t  e n t  i a l  
ex p r  es  s l  oti ( 1 •* L ) on e o 11 a* i : - t  h e i r 11 o w n g equa  t  i  on f o r  t h e  
c o m p l e t e  p o t  e n t  ia 1 ■ t  ime c u ^ e
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I t  f o l l o w s  from  (2 -S )  t h a t  a p l o t  o f
a g a i n s t  E -  Ee s h o u l d  y i e l d  a s t r a i g h t  l i n e  whose s l o p e  i s
t h u s  ks and  o< can be  d e t e rm in e d o  However» t h e  q u a n t i t y  b e i n g  
p l o t t e d  a s  o r d i n a t e  i s  r e p r e s e n t e d  by a c o m p l i c a t e d  f u n c t i o n *  
i t  i s  more c o n v e n i e n t  t o  d e t e r m i n e  ks f rom  m easu rem en ts  o f  
p o t e n t i a l  i n  t h e  e a r l y  s t a g e s  o f  e l e c t r o l y s i s o  The d e p a r t u r e  
f ro m  t h e  e q u i l i b r i u m  p o t e n t i a l  i s  t h e n  o f  t h e  o r d e r  o f  a few 
m i l l i v o l t s o
I f  E-E_ does  n o t  exceed  a few m i l l i v o l t s ,  t h e  e x p o n e n t i a l
V 4
f u n c t i o n s  i s  ( 2- $ )  may be  r e p l a c e d  by t h e  f i r s t  twc te rm s  
o f  t h e i r  s e r i e s  e x p a n s io n  w i t h o u t  any  s e r i o u s  e r r o r o  One 
t h e n  o b t a i n s
When t  i s  s u f f i c i e n t l y  s m a l l ,  t h e  s e c o n d  t e r r a  i n  t h e  d e n o m i n a t o r  
i n  e q u a t i o n  ( 2 - 9 )  b e c o m e s  n e g l i g i b l e  w i t h  r e s p e c t  t o  u n i t y  a n d  
t h e  p o t e n t i a l - t i m e  r e l a t i o n s h i p  i s
and  whose i n t e r c e p t  a t  E = Ee i s  -  Ln nFks CQ  ̂ * C j ^  ;




I f  t h e  t r a n s i t i o n  t im e s  TQ and  a r e  e q u a l ,  e q u a t i o n  _ 
(2 -1 0 )  i s  v a l i d  f o r  any  v a l u e  o f  t  when cx=0o5o T h i s  e q u a t i o n
can be  u s e d  a l s o  f o r  v a l u e s  o f  d i f f e r e n t  f rom  0*5 when t h e  
c o n d i t i o n
l i n e a r ,  and  t h a t  t h e  r a t e  c o n s t a n t  ks can be  r e a d i l y  c a l c u l a t e d  
f rom  t h e  i n t e r c e p t  a t  t~0« T h i s  e x t r a p o l a t e d  p o t e n t i a l  has  
p r e c i s e l y  th<e v a l u e  one w ould  c a l c u l a t e  b e f o r e  c o n c e n t r a t i o n
p o l a r i z a t i o n  s e t s  in*
E x t r a p o l a t i o n  t o  t i m e  t - 0  i s  u s e f u l  b e c a u s e  t h e  p o t e n t i a l  
does  n o t  v a r y  a b r u p t l y  a t  t ~ 0  on a c c o u n t  o f  t h e  c h a r g i n g
The c a p a c i t y  C-̂  i s  s u p p o s e d  t o  b e  i n d e p e n d e n t  o f  E in
( 2 - 1 2 ) ,  a  p e r m i s s i b l e  s i m p l i f i c a t i o n  s i n c e  E -  Ee i s  o f  t h e
o r d e r  o f  a few m i l l i v o l t s « The q u a n t i t y  o f  e l e c t r i c i t y
i  t., must  be  s m a l l 1 i n  c o m p a r i s o n  w i t h  t h e  q u a n t i t y  o f  e l e c t r i c i t y  
d 1
i n v o l v e d  in  t h e  e l e c t r o n  t r a n s f e r  p r o c e s s * .  The o r d e r  o f  
m a g n i tu d e  o f  t h e  q u a n t i t i e s  i n v o l v e d  i n  t h e  c a l c u l a t i o n  o f
i s  s a t i s f i e d * .
I t  f o l l o w s  f ro m  (2 -1 0 )  t h a t  a p l o t  o f  E a g a i n s t  t ^  i s
(o r  d i s c h a r g i n g )  o f  t h e  d o u b le  l a y e r *  I f  C-̂  i s  t h e ' d i f f e r e n t i a l  
c a p a c i t y  o f  t h e  d o u b l e  l a y e r . ,  t h e  c h a r g i n g  t i m e  t ^  i s
' t h
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kg can be  o b t a i n e d  by c o n s i d e r i n g  t h e  c a s e  i n  w h ich  kc = 1 
c m o sec a '^  T h i s  i s  t h e , u p p e r  l i m i t  o f  k w h ich  can be  o b t a i n e d  
by e l e c t r o l y s i s  w i t h  s u p e r im p o s e d  a l t e r n a t i n g  v o l t a g e o  For  
t h e  d a t a  n ^ l ,  i ^ = .0 o 0 2  ampocm0~ ^ y C°= 5x 10” ^ m o le 0 cm <," \  
1=29301°* one c a l c u l a t e s  (E -E e ) = l o0B x  10 ^ v o l t  a t  t -  0 o 
The t im e  f o r  c h a r g i n g  t h e  d o u b le  l a y e r  i s  l o l  x 10“ ^ seco* 
f o r  = 2 0  m i c r o f a r 0cm0“ ^ y and one v e r i f i e s  (D=10~^ cm0^ 
s e c o ” ^) t h a t  c o n d i t i o n  ( 2- 1 1 ) i s  s a t i s f i e d  f o r  t < 5  x 10” ^
secondo The r e c o r d i n g  o f  p o t e n t i a l - t i m e  c u rv e s  i s  t h u s
<
e n t i r e l y  f e a s i b l e  ^s ince  o s c i l l o s c o p e s  w i t h  a s e n s i t i v i t y  
o f  50 m i c r o v o l t s  p e r  cnio a r e  c o m m e rc ia l ly  a v a i l a b l e
( " T e k t r o n i x ” model 531 w i t h  a m p l i f i e r  t y p e  53E)o By s i m i l a r
"  'l 1 * c a l c u l a t i o n s  one can show t h a t  v a l u e s  o f  ks up t o  lCr cm0
s e c o “ -̂ m ig h t  be  measured^; v a l u e s  o f  E -  Ee a t  t = 0  a r e  t h e n
~of t h e  o r d e r  o f  Ool m i l l i v o l t o
I t  was assum ed in  t h e  f o r e g o i n g  t r e a t m e n t  t h a t  t h e
c h a r g i n g  ( o r  d i s c h a r g i n g )  o f  t h e  e l e c t r i c a l  d o u b le  l a y e r
and t h e  e l e c t r o d e  r e a c t i o n  a r e  two c o n s e c u t i v e  p r o c e s s e s o
T h is  i s  a s i m p l i f i c a t i o n  which w i l l  n o t  be  made in  t h e
s u b s e q u e n t  t r e a t m e n t  w here  t h e s e  two p r o c e s s e s ,  c h a r g i n g
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of  t h e  d o u b l e  l a y e r  and e l e c t r o n  t r a n s f e r *  w i l l  b e  c o n s i d e r e d  
as  s i m u l t a n e o u s  p r o c e s s e s o
Boundary V a lue  vProb lem  f o r  t h e  Case i_n Wh i c h  t h e  Double L ayer  
C a p a c i t y  i s  C o n s id e r e d
The b e h a v i o r  o f  t h e  e l e c t r o l y t i c  c e l l  can be  c o n v e n i e n t l y  
s t u d i e d  by c o n s i d e r i n g  i t s  e q u i v a l e n t  c i r c u i t *  a s  r e p r e s e n t e d
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i n  Figo I® I f  one assumes t h a t  t h e  r e f e r e n c e  e l e c t r o d e  o f  
t h e  c e l l  i s  n o t  p o l a r i z e d ,  t h e  p r o p e r t i e s  o f  t h e  c je l l  a r e  
e s s e n t i a l l y  d eterm ined  by t h e  c h a r a c t e r i s t i c s  o f  t h e  p o l a r i z e d  
working e l e c t r o d e  and by t h e  e l e c t r o l y t e  r e s i s t a n c e  Re in  
t h e  c e l l o  The b e h a v io r  o f  t h e  working e l e c t r o d e  i s  ch&rac-  
t e r i z e d  by t h e  f o l l o w i n g  two p r o c e s s e s 8 t h e  ch a rg in g  or 
d i s c h a r g i n g  o f  t h e  e l e c t r i c a l  double  l a y e r  a t  t h e  e l e c t r o d e ­
s o l u t i o n  i n t e r f a c e  and t h e  e l e c t r o n  t r a n s f e r  a c r o s s  i t o  
C o n seq u e n t ly ,  in  t h e  c o u r s e  o f  e l e c t r o l y s i s  th e  t o t a l  cu r r e n t
i^  a t  t h e  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  can be decomposed  
i n t o  two components2 t h e  f a r a d a i c  c u r r e n t ,  i f ,  c r o s s i n g  th e
c a p a c i t y  c u r r e n t , i c , b e in g  used  t o  charge (or d i s c h a r g e )  t h e  
d oub le  la y e r o
S i n c e  t h e  t o t a l  c u r r e n t  i s  t h e  sum o f  t h e s e  two components 
i t  i s  c o n v e n ie n t  t o  regard  t h e  i n t e r f a c e  as  e l e c t r i c a l l y  
e q u i v a l e n t  t o  two impedances in  p a r a l l e l 0 The impedance t o  
t h e  c a p a c i t y  cu rr en t  i s  then  t h a t  o f  t h e  d ou b le  l a y e r  and *
may be r e p r e s e n t e d  by a s im p le  c a p a c i ta n c e  p rov id ed  t h a t  o n ly  
s m a l l  v a r i a t i o n s  o f  p o t e n t i a l  a r e  encountered^o Thus, t h e  
d e n s i t y  o f  t h e  c a p a c i t y  c u r r e n t ,  i c , i s  g iv e n  by
p o t e n t i a l ,  but when v a r i a t i o n s  o f  p o t e n t i a l  a r e  o f  t h e  order  
o f  a few m i l l i v o l t s  i t  may be regarded* f o r  a l l  p r a c t i c a l  
p u r p o s e s ,  as a c o n s ta n t  q u a n t i t y 0
/
i n t e r f a c e  by v i r t u e  o f  t h e  e l e c t r o c h e m i c a l  r e a c t i o n  and t h e
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Figure 1
Equivalen t  C i r c u i t  o f  E l e c t r o l y t i c  C e l l  
w i th  One l o l a r i z a b l e  .Electrode
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where i s  t h e  d i f f e r e n t i a l  c a p a c i t y  o f  t h e  double  l a y e r  in  
u n i t s  f a r a d s  per square c e n t im e te r  o The impedance (Z) to  
th e  f a r a d a i c  cu rren t  i^  i s  n o t  o r d i n a r i l y  r e p r e s e n t a b l e  in  
any s im p le  f a s h i o n , but th e  v a lu e  o f  th e  d e n s i t y  o f  th e
f q r a d i c  c u r r e n t  i s  r e l a t e d  t o  t h e  p o t e n t i a l  d i f f e r e n c e
E-Ee and t h e  c o n c e n t r a t io n s  o f  th e  r e a c t i n g  s p e c i e s  by eq u a t io n
(1 —6 ) ,  i oSop
<?*p [ M J
0
where v_
c 0 = n P k s  Cq Cfi -  excha nge  c u r r e n t  (l -Wa)
I f  t h e  t o t a l  cu rren t  d e n s i t y  i^  through th e  c e l l  i s  
m ainta ined  c o n s ta n t  in  th e  co u rse  o f  e l e c t r o l y s i s ,  th e  sum 
o f  i c and i^  i s  a l s o  a c o n s ta n t  q uan t i tyo  Thus
Lc + t f =  = constant
In order t o  o b ta in  a m athem atical  e x p r e s s io n  f o r  t h e  
p o t e n t i a l - t i m e  curves one has t o  s o l v e  t h e  boundary v a lu e  
problem g iv e n  by eq u a t io n s  (2 -1 )  and ( 2 - 2 ) ,  but where t h e  
boundary c o n d i t i o n  C2^2b) i s  r e p la c e d  by th e  f o l l o w i n g  system  
of  boundary c o n d i t i o n s
*
17
( l - n )
rs 1 d C %( X : i j \  ( c l C o { X ‘t ) \
° « !  3 x  J - v r ^ r r j  n - **)X- o *
V
The ab o v e  s y s t e m  o f  b o u n d a ry  c o n d i t i o n s  was o b t a i n e d  f rom  
e q u a t i o n s  (2 -1 3 )*  ( 2- 1 5 )* and from t h e  c o n d i t i o n
t h a t  t h e  d e n s i t y  o f  f a r a d a i c  c u r r e n t  i ^  can be  e x p r e s s e d  
i n  t e rm s  o f  fluxes"®' i f  r e a c t i n g  s u b s t a n c e s  a t  t h e  e l e c t r o d e  
s u r f a c e  a s  f o l l o w s
(-f _ n  /   ̂C o f x t t f ]  _ r ! d C p J ( ' t : \ ( o - i q )
n r -  %  ( .  o x  J y . _ ;  V i  ”  3  <  J x - o  1  J
S i n c e  t h e  b o u n d a ry  c o n d i t i o n s  t h e m s e l v e s  a r e  e x p r e s s e d  
by a s y s t e m  o f  n o n l i n e a r  d i f f e r e n t i a l  e q u a t io n s *  t h e  s o l u t i o n  
o f  t h e  b o u n d a ry  v a l u e  p ro b lem  i s  a r d u o u s  * The s o l u t i o n  o f  
t h i s  b o u n d a ry  v a l u e  p ro b lem  can be  o b t a i n e d  nreire e a s i l y *  
f o r  s m a l l  v a l u e s  o f  t im e*  when t h e  l i n e a r i z a t i o n  o f  t h e  
b o u n d a ry  c o n d i t i o n  ( 2 - 1 ? )  i s  p o s s ib le* ,  Under t h e s e  c o n d i t i o n s  
a r e l a t i o n s h i p  b e tw e en  t h e  f a r a d a i c  c u r r e n t  and  t h e  p o t e n t i a l  
can b e  d e r i v e d  in  t e rm s  o f  L a p la c e  t r a n s f o r m s  w i t h o u t  p r e ­
s c r i b i n g  any  e x p l i c i t  f u n c t i o n a l  d e p e n d en c e  o f  c u r r e n t  o r  
p o t e n t i a l  on time® S i n c e  t h e  L a p la c e  t r a n s f o r m  o f  c a p a c i t y
In  d i f f u s i o n  p r o c e s s e s  t h e  flux, i s  d e f i n e d  a s  t h e  
number o f  m oles  o f  a s u b s t a n c e  d i f f u s i n g  t h r o u g h  a u n i t  
a r e a  p e r  u n i t  t i m e ,
c u r r e n t  can  be  o b t a i n e d  f rom ( 2 - 1 3 ) ,  t h e  t r a n s f o r m  o f  t h e  
p o t e n t i a l  d i f f e r e n c e  (E-Ee ) i s  e a s i l y  c a l c u l a t e d  f rom e q u a t i o n  
(2-15)<> The p o t e n t i a l  d i f f e r e n c e  (E-Ee ) a s  f u n c t i o n  o f  t i m e  
can  be  o b t a i n e d  f rom i t s  L a p l a c e  t r a n s f o r m  by p e r f o r m i n g  t h e  
i n v e r s e  t r a n s f o r m a t i o n o
G e n e r a l  C u r r e n t - P o t e n t i a l  R e l a t i o n s h i p  when L i n e a r i z a t i o n  
o f  ( 2 - 1 7 )  i s  P e r m i s s i b l e
When t h e  p o t e n t i a l  E o f  t h e  p o l a r i z e d  e l e c t r o d e  does  
n o t  d e p a r t  more t h a n  a few m i l l i v o l t s  f rom t h e  e q u i l i b r i u m  
p o t e n t i a l  Ee ( t h e  p o t e n t i a l  o b s e r v e d  when no c u r r e n t  f l o w s  
t h r o u g h  t h e  c e l l ) ,  i o S o ,  when E~Ee « R T / n F ,  t h e  e x p o n e n t i a l  
f u n c t i o n s  i n  ( 2 - 1 7 )  7  be  r e p l a c e d  by t h e  f i r s t  two t e r m s
of  t h e i r  s e r i e s  exp i o n s  w i t h o u t  a n y  a p p r e c i a b l e  e r r o r *  
Furthermore*? i f  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  r e a c t i n g  
s p e c i e s  a r e  n e g l i g i b l e  w i t h  r e s p e c t  t o  u n i t y ,  one  o b t a i n s  
t h e  f o l l o w i n g  l i n e a r i z e d  fo rm f o r  t h e  b o u n d a r y  c o n d i t i o n
( 2- 1 7 ) ( 1 4 )
w h e r e ( x , t )  and  l ^ R ( x f, t ) a r e  t h e  r e l a t i v e  c o n c e n t r a t i o n s
d e f i n e d  by
19
S i n c e  t h e  sum of  t h e  f l u x e s  o f  s u b s t a n c e s  0 and  R i s  e q u a l  
t o  z e r o  a t  t h e  e l e c t r o d e  s u r f a c e  ( s e e  e q u a t i o n  (2 -1 9 )  )» aJfr 
e q u a t i o n  s i m i l a r  t o  ( 2 - 2 0 )  can b e  w r i t t e n  f o r  t h e  f l u x  o f  
s u b s t a n c e  Rc Thus
w h e r e  ^
^ R~ nF C% (l 'xu)
E q u a t i o n s  ( 2 - 2 0 )  and  ( 2 - 2 3 )  a r e  t h e  new b o u n d a r y  c o n d i t i o n s e  
The p o t e n t i a l  d i f f e r e n c e , ,  E-E QP i n  ( 2 - 2 0 )  and  (2 -2 3 )  i s  a 
c e r t a i n  f u n c t i o n  o f  t imej ,  wit^i  o n l y  t h e  r e s t r i c t i o n  m e n t i o n e d  
a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n o
The i n i t i a l  c o n d i t i o n s  can b e  e x p r e s s e d  i n  t e r m s  o f  t h e
r e l a t i v e  c o n c e n t r a t i o n s  a s  f o l l o w s
/
F u r t h e r m o r e  one has
R
f o r  x —>oo an d  t  ^  0„
T h i s  b o u n d a r y  v a l u e  p ro b le m  w i l l  b e  s o l v e d  by means o f  
L a p l a c e  i n t e g r a l  t r a n s f o r m s - 1- ( 7 V &) w i t h  r e s p e c t  t o  t h e  
v a r i a b l e  to  A f t e r  t h e  t r a n s f o r m a t i o n  F i c k vls d i f f u s i o n  e -  
q u a t i o n  ( 2 - 1 )  ( e x p r e s s e d  in  t e r m s  o f  t h e  r e l a t i v e  c o n c e n ­
t r a t i o n s )  i s  r e d u c e d  t o  t h e  f o l l o w i n g  o r d i n a r y  d i f f e r e n t i a l
The n o t a t i o n  o f  C h u r c h i l l vs t e x t  (&) w i l l _ b e  u s e d  
d u r i n g  s u b s e q u e n t  d e r i v a t i o n s n  L a p l a c e  t r a n s f o r m  f ( s )  o f  a 
f u n c t i o n  f ( t j  i s  d e f i n e d  by t h i s  a u t h o r  a s  f o l l o w s ^
— / oo
■f/s) = e rp l - s t j  ,
s b e i n g  t h e  p a r a m e t e r  r e s u l t i n g  f ro m t h e  t r a n s f o r m a t i o n 0
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D0 " d  -  S ^ o ( * ' SJ = 0  (1-Z7J
or
e q u a t i o n
a - s ! !
g/X
D̂ - d~ t P; t Sj -  6 {h j ^ = 0 { l ~1 ^
The s o l u t i o n s  o f  e q u a t i o n s  (2 -2 7)  and  ( 2 - 2 # ) ,  when bounded 
f o r  x — »oo 9 a r e  a s  f o l l o w s
J6.
(A e * p [ - JT $ k ]  ( i - M )
and
■ > L
(pR(*.&J= N  exp I'- ( i - M )
w h e re  M and  N a r e  i n t e g r a t i o n  c o n s t a n t s e T h e s e  a r e  d e t e r m i n e d  
f rom t h e  t r a n s f o r m s  o f  t h e  b o u n d a r y  c o n d i t i o n s  ( 2 -2 0 )  and 
( 2 - 2 3 ) .  Thus
^  " ~RT \ D0 ^
and
N =  ~  ~ R T * t &  s !/‘- f '* 0  Do6- - Ar<Jj ( l ' i Z )
E ( s )  b e i n g  t h e  L a p l a c e  t r a n s f o r m  of  (E-E )„
By c a l c u l a t i n g  ( c) ^  (x , S ) / 3  X ) x 0 and e x p r e s s i n g  t h i s  
f u n c t i o n  i n  t e r m s  of  t h e  L a p l a c e  t r a n s f o r m  o f  t h e  f a r a d a i c  
c u r r e n t  i ^ ( s )  one o b t a i n s  t h e  f o l l o w i n g  c u r r e n t - p o t e n t i a l  
r  e l a t i o n s h i p
where
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I f  t h e  c o n d i t i o n s  s t a t e d  a t  t h e  b e g i n n i n g  o f  t h i s  s e c t i o n
( 2 - 3 3 )  g i v ^ s  a g e n e r a l  c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p ,  s i n c e  
no e x p l i c i t  f u n c t i o n a l  d e p e n d e n c e  o f  c u r r e n t  o r  p o t e n t i a l  
on “t i m e  was p r e s c r i b e d  in  i t s  d e r i v a t i o n *
I n f l u e n c e  o f  t h e - Doub le  Laye r  C a p a c i t a n c e  on P o t e n t i a l - T i m e
►
Curves  c
I n  t h e  e a r l y  s t a g e s  o f  e l e c t r o l y s i s  w i t h  c o n s t a n t  c u r r e n t  
t h e  c o n d i t i o n s  a r e  s u c h  t h a t  t h e  e q u a t i o n  ( 2 - 3 3 )  i s  a p p l i c a b l e  
F u r t h e r m o r e ,  t h e  e q u a t i o n  ( 2 - 1 3 )  g i v i n g  t h e  c a p a c i t y  c u r r e n t
a l s o  h o l d s  a n d  can be e x p r e s s e d  i n  t e rm s  o f  L a p l a c e  t r a n s ­
fo rms  a s  f o l l o w s (8)
w he r e  E ( s )  i s  t h e  t r a n s f o r m  of  (E~Ee ) c
S i n c e ,  i n  t h e  p r e s e n t  c a s e ,  (E- Ee )-^> 0 a s  t —* + 0 and  
t h e  sum of  t h e  f a r a d a i c  and  c a p a c i t y  c u r r e n t s  i s  e q u a l  t o  
t h e  t o t a l  c u r r e n t  d e n s i t y ,  which  i s  m a i n t a i n e d  a t  a c o n s t a n t  
v a l u e  i ^ v one o b t a i n s  f rom (2 - 1 5 )
From w hich  t h e  L a p l a c e  t r a n s f o r m  of  t h e  p o t e n t i a l  can e a s i  i y
v • ■#
be  c a l c u l a t e d , ,  Thus
a r e  f u l f i l l e d  i n  t h e  c o u r s e  o f  e l e c t r o l y s i s ,  t h e  e q u a t i o n
i c f,J = ~ c e s  E(SJ * L  ( E ~£e) t ^ + o  ( i - x )
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w i t h
b -- -VfTZ
By f a c t o r i z a t i o n  o f  t h e  d e n o m i n a t o r  in  ( 2 - 37 )  and  a p p l i ­
c a t i o n  o f  t h e  t h e o r y  o f  p a r t i a l  f r a c t i o n s p one can t r a n s f o r m  
(2 -3 7 )  t o  t h e  f o l l o w i n g  form
E(sJ= -
J
I I / a  a,
/  S ( t ( i j  " s(s'^hjf) + s&ls&i-fi) ~ J (l ' 39J
where
i + f a -  b) = ^ t j . )  -p*cS )  -  j j j f i  M o )
a (ofa , °o /  / __________ ______ /  \ .  f  U  / _______ / _  I nF to ] hf |
X= I  f a  - bJ = U F  ( o /' Co' D^C*°)
The p o t e n t i a l  a s  a f u n c t i o n  o f  t i m e  can be o b t a i n e d  
e a s i l y  f rom (2 -3 9 )  by means o f  t h e  c o n v o l u t i o n  i n t e g r a l o ^
i
Thus ,  by n o t i p g  t h a t  t h e  i n v e r s e  t r a n s f o r m  (7?8)  o f  l / s  and 
l / s ^ / 2 a r e  1 and 2 ( t / 7X ) ^ p r e s p e c t i v e l y ,  and t h a t  t h e  i n v e r s e
\  -1 
t r a n s f o r m  o f  ( s s> ^  ) i s
l l k f 1' -  / 3 e , P ( f i H j e r / c f f t M  t
one has
r , t  fa
£ - £ > = -  I V / p h o  In' - ' i  l c f t c f f i t ^ l c J c  -  f l l e n p l t W e r l c / t V ^e = -  Q j f a j l  fa{ e t p f M ' i f a f a f a
w h e r e  t h e  n o t a t i o n  " e r f c "  r e p r e s e n t s  t h e  c o m p l e m e n t a r y  e r r o r  
f u n c t i o n  h a v i n g  t h e  q u a n t . i t . y b e t w e e n  b r a c k e t s  a s  a r g u m e n t u
^The  i n v e r s e  t r a n s f o r m  o f  a p r o d u c t  o f  t r a n s f o r m s  
f-, ( s ) . . f 2 ( s )  i s  g i v e n  by  t h e  f o l l o w i n g  c o n v o l u t i o n  i n t e g r a l  ( 8 )
f a t ' f t - r  1 f j T j u r
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The two s i m i l a r  i n t e g r a l s  i n  (2 -4 2)  can be  e v a l u a t e d  by




w her e  p  a nd  jf a r e  d e f i n e d  by ( 2- 4 0 ) and  ( 2 - 4 l h  \
D i s c u s s i o n  o f  Equat  i o n  1 2 - 4 3 ) . V'-
As one can s e e  f rom ( 2 -4 3 )  t h e  v a r i a t i o n  o f  p o t e n t i a l  
i n  e l e c t r o l y s i s  w i t h  a c u r r e n t  s t e p  i s  g i v e n  by a r a t h e r  
i n v o l v e d  f u n c t i o n  Of t i m e  when t h e  i n f l u e n c e  o f  t h e  d o u b l e  
l a y e r  i s  t a k e n  i n t o  ac -co un ta However9 i t  w i l l  be shown
l a t e r  t h ^ t  f o r  o r d i n a r y ' ^ e x p e r i m e n t a l  c o n d i t i o n s  t h e  p o t e n t i a l ­
t i m e  c u r v e  can be e x p r e s s e d  by an e q u a t i o n  whi^h has  t h e  same 
f u n c t i o n a l  d e p e n d e n c e  on t i n e  a s  t h e  s i m p l e  e q u a t i o n  ( 2 -10)»
o b v i o u s l y  c o n s t i t u t e s  a s p e c i a l  cas^e,, b u t  t h e  T n o d i f i c a t i o n  
f o r  o t h e r  c a s e s  is* t r i v i a l * .  The c o n s t a n t s  f l  and g i v e n  by 
( 2 - 4 0 )  and (2 -4 1 )  can now be w r i t t e n  in  t h e  f o l l o w i n g  form
I n  t h e  s u b s e q u e n t  d i s c u s s i o n  i t  w i l l  be assumed f o r  
t h e  s a k e  o f  s i m p l i c i t y  t h a t  00 = 0 ^ - ! °  and  Dq = D ^ = D (, T h i s
and
I n s p e c t i o n  o f  t h e  l a g t  f wo e q u a t - j o r *  shr.ws t h a t  a n d  J/ can 
be  e i t h e r  r e a l  co m p le x  q 1. *4':. t, i ”,; m  dope,  d i n g  on w h e t h e r
t h e  q u a n t i t y
n'_F±D C 
R T r'-y. /
I -
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i s  s m a l l e r  o r  l a r g e r  t h a n ^ u n i t y .  When
Dc° . , / .  . ,
RTCc <5 ^  /  ( I ' - t i t )
and  y  a r e  r e a L  By t a k i n g  t h e  f o l l o w i n g  r e p r e s e n t a t i v e  
V a l u e s ?  n = l y 1 = 300°  K„ U = 10”’^ c m . , e c " ^ 9 2x 10’ 5 farads* ,
cm.  c ° =  10” ^ m o l e s „ cmT^ 9 one de d u c e s  f rom ( 2 -4 6 )  t h a t  y3 
and  y  a r e  r e a l  when kg i s  o f  t h e  o r d e r  o f  u n i t y  o r  l a r g e r *
P o t e n t i a l  - t i m e  cu r  v es when p  and y  a r  e r e a l  * The i n f l u ­
e n c e  o f  t h e  d o u b l e  l a y e r  can be s e e n  by com par in g  t h e  p o t e n t i a l ­
t i m e  c u r v e s  o b t a i n e d  from e q u a t i o n  ( 2 -4 3 )  w i t h  t h e  (curves 
c a l c u l a t e d  f rom t h e  s i m p l i f i e d  e q u a t i o n  ( 2 - 1 0 )  w hich  was 
d e r i v e d  w i t h  t h e  a s s u m p t i o n  t h a t  t h e  d o a b l e  l a y e r  c a p a c i t y  
was e q u a l  t o  z e r o .  T h i s  i s  done i n  Fig* 2* The p o t e n t i a l ­
t i m e  c u r v e s  a r e  c o n s t r u c t e d  f o r  a  c a t h o d i c  p r o c e s s  f rom t h e  
f o l l o w i n g  d a t a s  n = 2 » T = 300°Ky C-̂  —2x10“ -̂ f a r a d *  cm ~^
D = 1-Q” ^cmu^ s e c T ^ v C ° = 5 x l C T ^  mole.. cmT^p and ks = 10^ cmc 
s e c  1 „ Curve I  c o r r e s p o n d s  t o  t h e  c a s e  i n  w h ic h  t h e  d o u b l e  
l a y e r  c a p a c i t y  i s  n o t  t a k e n  i n t o  a c c o u n t  w h i l e  c u r v e  I I  
r e p r e s e n t s  t h e  p o t e n t i a l - t i m e  r e l a t i o n s h i p  embodied in  e q u a t i o n  
( 2 - 4 3 ) -  l b  i s  se en  from Fig* 2„ (1) t h a t  t h e  p o t e n t i a l  a l o n g  
c u r v e  I I  v a r i e s  l e s s  r a p i d l y  t h a n  f o r  c u r v e  I ,  and  (2) t h a t  
t h e r e  i s  no I n i t i a l  "jump' '  in  p o t e n t i a l  when t h e  e f f e c t  o f  
t h e  d o u b l e  l a y e r  i s  t a k e n  i n t o  a c c o u n t *  This  i s  t o  be ex ­
p e c t e d  s i n c e  t h e  d o u b l e  l a y e r  ^ c a p a c i t y  must  be p r o g r e s s i v e l y  
c h a r g e d  a s  t h e  p o t e n t i a l  d e p a r t s  f rom i t s  e q u i l i b r i u m  v a l u e *
As a r e s u l t , ,  t h e  f a r a d a i c  ^current,  i s  s m a l l e r  t h a n  t h e  t o t a l  
c u r r e n t  t h r o u g h  t h e  c e l l  and  t h e  e f f e c t  c o n c e n t r a t i o n  









TIM E (microseconds) „
/‘i.-ure 2
I n f l u e n c e  o f  U:e Double Layer  Da a c i t y  on i o twin . i a l -Ti ino  Curves
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i n  whic h  t h e  d o u b l e  l a y e r  c a p a c i t y  i s .  c o n s i d e r e d  t o  be  e q u a l  
t o  z e r o .
I t  i s  se en  from e q u a t i o n  (2 -43)  t h a t  t h e  f u n c t i o n a l
d ep e n d e n c e  o f  p o t e n t i a l  on t i m e  i s  c h a r a c t e r i z e d  by two
f u n c t i o n s  o f  t h e  f o l l o w i n g  g e n e r a l i z e d  forms 2T/#"^ '  and
exp ( ) e r f c  ( T ) ,  w he re  T i s  e i t h e r  ^ t ^  o r   ̂ t ^o  The
r e l a t i v e  i m p o r t a n c e  o f  t h e s e  two f u n c t i o n s  i n  d e t e r m i n i n g
t h e  d e p e n d e n c e  of  p o t e n t i a l  on t i m e  can be  deduced  from
t h e  p l o t  g i v e n  in  F i g .  3 where t h e  r a t i o  of  e x p (T 2 ) e r f c (T )
t o  2T/7T^ i s  p l o t t e d  v e r s u s  To T hi s  p l o t  shows t h a t  when
t h e  v a l u e  o f  t h e  a rgu me nt  T„ i „ e , ,  (!> t ^  or  i s  l a r g e r
t h a n  7 t h e  t e rm  c o n t a i n i n g  t h e  e r r o r  f u n c t i o n  becomes much
s m a l l e r  t h a n  t h e  t e r m  From e q u a t i o n s  (2 -4 4 )  and
( 2- 4 3 ) one c o n c l u d e s  t h a t  j/<y3 a s  l o n g  a s  r e a l  v a l u e s  o f  /3
. a n d  ^  a r e  concerned, ,  T h er e f or e . ,  one deduces  t h a t  when
i s  l a r g e r  t h a n ,  say* 7 t h e  t e rms  c o n t a i n i n g  t h e  e r r o r  f u n c t i o n
may be n e g l e c t e d  i n  e q u a t i o n  (2- 4 3 )*? t h e  e r r o r  r e s u l t i n g  f rom
t h i s  s i m p l i f i c a t i o n  i s  t h e n  l e s s  t h a n  1 p e r  c e n t o  In  view
of  e q u a t i o n s  ( 2- 4 3 ) and ( 2 - 4 6 ) one c o n c l u d e s  t h a t  t h e  above
c o n d i t i o n  ( y t -2 >  7 ) i s  f u l f i l l e d  f o r  t h e  t i m e s  l o n g e r  t h a n
5x l O "5  gee** when t h e  same r e p r e s e n t a t i v e  v a l u e s  of  n ,  T,
C1 , C°,  and L) as  g i v e n  i n  c o n n e c t i o n  w i t h  e q u a t i o n  ( 2 -4 6 )
a r e  u s e d  t o  e s t i m a t e  t h e  v a l u e  of  ^  «
T hus ,  f o r  s u f f i c i e n t l y  l o n g  t i m e s ,  e q u a t i o n  ( 2 -4 3 )  can



















P l _ L . ,  , /  ) / *  R T C , [ l  f  I , f II* I
V  nF [ j c ^ r i q D / ^ q D ^  » f c f f i j ]  + c0
( i - H )
P o t e n t i a l - t i m e  c u r v e s  when and  ^  a r e  co m p le x *
I t  f o l l o w s  f rom e q u a t i o n s  ( 2 - 4 4 )  and ( 2 - 4 5 )  t h a t ,  i f  t h e
c o n d i t i o n
c°
RTC( ks
i a  s a t i s f i e d ,  /3 and  ^  a r e  c o n j u g a t e  complex q u a n t i t i e s «
T h i s  c a u s e s  some d i f f i c u l t i e s  i n  t h e  e v a l u a t i o n  o f  t h e  com­
p l e t e  p o t e n t i a l - t i m e  c u r v e s  b e c a u s e  v a l u e s  o f  t h e  e r r o r  
f u n c t i o n s  o f  complex a r g u m e n t s  a r e  n o t  t a b u l a t e d ®  However ,  
e q u a t i o n  ( 2 - 4 3 )  can be  t r a n s f o r m e d  i n t o  a r e a l  fo rm by  t h e  
f o l l o w i n g  p r o c e d u r e .  The e r r o r  f u n c t i o n  can b e  expanded 
i n  a u n i f o r m l y  c o n v e r g e n t  s e r i e s  ( 7 ) p a nd  t h e  r e s u l t i n g  
s e r i e s ,  a s  was shown by Born ( 4 ) p can b e  s e p a r a t e d  i n t o
r e a l  a nd  i m a g i n a r y  pa r t s ®  By r e p l a c i n g  t h e  e r r o r  f u n c t i o n s  
i n  ( 2 - 4 3 )  by t h e i r  s e r i e s  e x p a n s i o n  and  by r e a r r a n g i n g  t h e  
t e r m s ,  one  can show t h a t  t h e  i m a g i n a r y  p a r t e  c a n c e l  o u t  and  
e q u a t i o n  ( 2 - 4 3 )  i s  t r a n s f o r m e d  i n  a r e a l  form®
The r e s u l t i n g  e q u a t i o n  i s  t o o  c o m p l i c a t e d  f o r  a n y  
p r a c t i c a l  purpose® But i t  can be  shown t h a t ,  i f  t h e  a b s o ­
l u t e  v a l u e  o f  and ^ t ^  i s  l a r g e r  t h a n  u n i t y ,  t h e  v a l u e s
o f  t h e  s e r i e s  r e s u l t i n g  f rom t h e  e x p a n s i o n  o f  t h e  e r r o r  
f u n c t i o n  a r e  n e g l i g i b l e  w i t h  r e s p e c t ,  t o  t h e  t e r m  c o n t a i n i n g  
t h e  s q u a r e  r o o t  o f  time® An e x p r e s s i o n  f o r  p o t e n t i a l - t i m e  
c u r v e s  w h i c h  i s  i d e n t i c a l  w i t h  e q u a t i o n  ( 2 - 4 7 )  i s  t h u s  
o b t a i n e d .
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P e t e r m i n a t i o n  o f  k and  oi“ O —"
I t  f o l l o w s  f rom ( 2 -4 7 )  t h a t  t h e  p l o t  o f  (E - E g ) a g a i n s t
c a p a c i t y  i s  as sumed t o  be  e q u a l  t o  z e r o  ( e q u a t i o n  (2 -10) )® 
However ,  t h e  i n t e r c e p t  a t  t  = 0 i n  t h e  c o m p l e t e  t r e a t m e n t  i s  
c h a r a c t e r i z e d  by two t e r m s  a one t e r m ,  c o n t a i n i n g  t h e  r a t e  
c o n s t a n t  k3 , w h ich  i s  t h e  same a s  i n  ( 2 - 1 0 ) ,  and  an a d d i t i o n a l  
s e c o n d  t e r m  e x p r e s s i n g  t h e  i n f l u e n c e  o f  t h e  d o u b l e  l a y e r  
c a p a c i t y ®
The r a t e  c o n s t a n t  can s t i l l  be  o b t a i n e d  f rom t h e  i n t e r c e p t
a t . J t ^ O  p r o v i d e d  t h a t  t h e  t e r m  c o n t a i n i n g  k3 i s  n o t  n e g l i g i b l e
w i t h  r e s p e c t  t o  t h e  c a p a c i t y  term® By a s s u m i n g  t h a t  t h e  t e r m
c o n t a i n i n g  t h e  r a t e  c o n s t a n t  s h o u l d  n o t  be  l e s s  t h a n  one t e n t h
o f  t h e  c a p a c i t y  t e r m ,  a nd  by t a k i n g  t h e  f o l l o w i n g  r e p r e s e n -  
■*
t a t i v e  v a l u e s ,  n - 2 ,  T =O00°K, Dq =  D£— 10 ^cm®2sec®” ^, C-^=
2 x 10” ^ f a r a d o  cm®“ 2 p C^= C ^ I O  ^ mole® cm®~3p one  d e d u c e s  
f rom ( 2 - 4 7 )  t h a t  t h e  v a l u e s  o f  k up t o  100 c a u se c ® "!  c o u l d  
e a s i l y  be de t e rmined®
S i n c e  t h e  i n t e r c e p t  a t  t  =■ 0 i s  g i v e n  by t h e  d i f f e r e n c e  
o f  t h e  two t e r m s ,  i t  i s  more c o n v e n i e n t  t o  e v a l u a t e  t h e  t e r m  
c o n t a i n i n g  t h e  r a t e  c o n s t a n t  f rom t h e  i n t e r c e p t  a t
r e l a t e d  ( s e e  e q u a t i o n  ( 2 - 4 7 ) )  t o  t h e  r a t e  c o n s t a n t  by t h e  
e q u a t i o n
t i  i s  l i n e a r  as  i t  i s  f o r  t h e  c a s e  when t h e  d o u b l e  l a y e r
The i n t e r c e p t ,  (E-EQ) t ^ '  w h e r e  t i  i s  g i v e n  by ( 2 - 4 # ) ,  i s
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The s l o p e ,  S ,  o f  t h e  l i n e a r  p l o t  o f  (E-Ee ) a g a i n s t  t®
'■is
c _ j l u  r t  [  I i j ,
O - - fC^ n l F i , ( C o C/0 0f^ J  ( l - t 'O )
a n d ,  c o n s e q u e n t l y ,  t h e  v e r y  s i m p l e  e x p r e s s i o n  f o r  t ^ ,
X  '4 ,  J L C£ c. . ,
^  - nUj b
i s  o b t a i n e d  f rom ( 2 - 4 3 )  and  ( 2 - 5 0 ) •
When t h e  b u l k  c o n c e n t r a t i o n s  o f  t h e  R e a c t i n g  s p e c i e s
A
a r e  d i f f e r e n t  * t h e  i n t e r c e p t  a t  t ^  c o n t a i n s  t h e  t r a n s f e r  
c o e f f i c i e n t  c* w h i c h  mus t  t h e n  be known t o  c a l c u l a t e  t h e  
r a t e  c o n s t a n t  k „ The  t r a n s f e r  c o e f f i c i e n t  can be  d e t e r -  
mined f ro m a l o g a r i t h m i c  p l o t  o f  t h e  exchange  c u r r e n t  
a g a i n s t  t h e  c o n c e n t r a t i o n  o f  one r e a c t i n g  s p e c i e s  ( 1 6 ) ? 
w h i l e  t h e  c o n c e n t r a t i o n  o f  t h e  o t h e r  r e a c t a n t  i s  k e p t  
c o n s t a n t s  A s t r a i g h t  l i n e  whose s l o p e  i s  e i t h e r  cx o r  ( l - o O  
i s  o b t a i n e d ,  and  i s  t h u s  r e a d i l y  determined*,  T h i s  method 
f o l l o w s  f rom t h e  d e f i n i t i o n  o f  t h e  exchange  c u r r e n t  i n  
e q u a t i o n  (1 -3 ) , ,  ^
Summariz ing, ,  one can c o n c l u d e  t h a t  e l e c t r o l y s i s  w i t h  
a c u r r e n t  i m p u l s e  a p p e a r s  t o  be  a p r o m i s i n g  method f o r  
s t u d i e s  o f  f a s t  e l e c t r o d e  r e a c t i o n s . .
CHAPTER I I I  -  ELECTROLYSIS WITH A CURRENT REPRESENTED BY
s
A SQUARE-WAVE
The c o n d i t i o n s  p f  e l e c t r o l y s i s  a r e  su p p o se d  t o  be  t h e  
same a s  i n  t h e  p r e v i o u s  method e x c e p t  t h a t  t h e  c u r r e n t  t h r o u g h  
t h e  c e l l  i s  now a s q u a r e - w a v e  f u n c t i o n  of  t i m e r  The e l e c t r o d e  
p o t e n t i a l  v a r i e s  p e r i o d i c a l l y *  and t h e  r a t e  c o n s t a n t  k3 i s  
d e d u c e d  f rom t h e  p o t e n t i a l - t i m e  r e l a t i o n s h i p , ,  The c o n c e n t r a ­
t i o n s  o f  s p e c i e s  0 and  R a t  t h e  e l e c t r o d e  s u r f a c e  a r e  c a l ­
c u l a t e d  by s o l v i n g  F . ickvs d i f f u s i o n  e q u a t i o n  ( 2 - 1 )  f o r  l i n e a r  
d i f f u s i o n  f o r  t h e  c o n d i t i o n s  g i v e n  by e q u a t i o n  ( 2 - 2 )  0 b u t
w h e r e  i ^  i s  now a ^ ^ q u a r e - w a v e  . f u n c t i o n  o f  t imeo
L y
C a l c u l a t i o n  of  Cone en t  r a t  i o n s Cq ( x  tl t ) and
The s u b s t i t u t i o n s
% ( ? > i ) - C c - C 0 (At) Qn o' C&-CR(s,tJ ( 3 ~0
a r e  made* and  t h e  i n . i t i a ^  and b o u n d a r y  c o n d i t i o n s  ( 2 - 2 )  a r e
e x p r e s s e d  i n  t e r m s  o f  C ^ ( x * t )  and ^ ( x * t ) «  The s o l u t i o n
o f  F i c k 9s d i f f u s i o n  e q u a t i o n  ( 2 -1 )  f o r  l i n e a r  d i f f u s i o n  i s
o b t a i n e d  by u s i n g  t h e  L a p l a c e  t r a n s f o r m a t i o n *  w i t h  r e s p e c t
t o  t h e  v a r i a b l e  t w and  t h e  t r a n s f o r m  ( x J(s )  when 0 £ ( x , s )
i s  b o u n d e d  f o r  x  — , I*:
% ( * > * ) -  ? * p { -  ( " s j  « ]  ( 3 ~z )
where  M i s  an i n t e g r a t i o n  c o n s t a n t , ,  and  s i s  t h e  p a r a m e t e r  
i n t r o d u c e d  by t h e  t r a n s f o r m a t i o n -  The same e q u a t i o n  i n  whic h  
Dr  i s  s u b s t i t u t e d  f o r  Uq and M i s  r e p l a c e d  by a n o t h e r  i n t e g r a ­
t i o n  c o n s t a n t  N h o ld s  f o r  'S ' ‘.x . s )..
The L a p l a c e  t r a n s f o r m  o f  t h e  s q u a r e  wave ,  S q ( t , ' f ) ,  w i t h  
t h e  a m p l i t u d e  I m an d  t h e  p e r i o d  2tT i s  (6)
b [  t y f t . t j ] *  '  ( 3 - 3 J
In  view of  t h e  ( 3 - 3 )  one d e d u c e s  f rom t h e  t r a n s f o r m s  o f  t h e  
b o u n d a r y  c o n d i t i o n s
ton!- i -  ( 3 - ^
and  t h e  same v a l u e  f o r  N “  !Js ( 0 9s )  ( w i t h  Dp i n s t e a d  o f  D q ) 0
S i n c e  t h e  t r a n s f o r m  ( 3 - 4 )  does  n o t  a p p e a r  i n  t h e  t a b l e s *  
i t  must  be  d e t e r m i n e d  by t h e  u s e  o f  i n v e r s i o n  t h e o re m  f o r  
t h e  L a p l a c e  t r a n s f o r m a t i o n  * T h i s  t h e o r e m  s t a t e s  (7)  t h a t  
t h e  f u n c t i o n  v ( t )  can be o b t a i n e d  from i t s  L a p l a c e  t r a n s f o r m
v ( s )  by means o f  t h e  f o l l o w i n g  complex, i n v e r s i o n  i n t e g r a l
, . f f  V - ™
v ttJ ~ 7rh~: /  & * p [ p f-J 'x'pjdp ( J ' f j
w h e r e ^ i s  t o  be  iio l a r g e  t h a t  a l l  t h e  s i n g u l a r i t i e s  o f  v ( p )  
l i e  t o  t h e  l e f t  o f  t h e  l i n e  [ )o The v a r i a b l e
p i s  w r i t t e n  i n s t e a d  o f  s in  (3-*5) t o  em p h as iz e  t h e  f a c t  
t h a t  v ( p )  i s  r e g a r d e d  a s  a f u n c t i o n  of  a complecx. v a r i a b l e * ,
By a p p l y i n g  t h e  i n v e r s i o n  t h e o r e m  ' 3 - 5 ) .  t o  e q u a t i o n  
( 3 - 4 )  one o b t a i n s  f o r  x - ?
I, ' '
% ( U )  f- Jr.. ( l - i j .U ./ n h / C V T, t ) . , /
The i n t e g r a n d  o f  t h e  c o n t o u r  u > t e g r a l  i n  * 3 - 6 )  h a s  a  b r a n c h ,  
p o i n t  a t  p-Oj, a n d  s i m p l e  pole; . ,  for  co 3 h [  f  p / 2 ) - 0^ i .>eny 
f o r  p — - i ( 2 q - - - l ]  ^  fy? w i l n  ' - i n  i n t e g e r  q v a r y i n g  f r o m
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-  oo t o f o o  e The s t e a d y  s t a t e  p a r t ^  o f  ^ ( 0 „ t )  i s  g i v e n  by 
t h e  sum o f  t h e  r e s i d u e s  a t  t h e  p o l e s <> Thus,  t h e  s t e a d y  
s t a t e  s o l u t i o n  i s
= -f-oo
0 L   p - - U > - % + ' ) V r  P J/lJ
- - o o
[  p  + L ( t y  + i ) %
( 3 - 1 )
X  '  cosh ? £
o r
±1-  +on
U> { p s l - — — —  J L E -  , \  / ,  p!
W V  n t  P0'4  l 3 ' ,J
Cj'Z - oc: ^
By t a k i n g  i n t o  a c c o u n t  t h e  r e l a t i o n s h i p s
C * l ( t f ' ■ ■ ( H . ) - -  e , P [ ± £ ]
t h e  e q u a t i o n  (3-&) can be t r a n s f o r m e d  i n t o
r cO
<D(0 s j =  _• J j *  \  ’ * % 1  , ,
' V  nFD0'b j r ^  Z  _  ( 2 $ + t ) V2j '
j. - o  *
The e x p r e s s i o n  f o r ^ ( o nt )  i s  i d e n t i c a l  t o  ( 3 - 9 )  e x c e p t  
t h a t  i s  s u b s t i t u t e d  f o r  Dq v and t h a t  a p l u s  s i g n  p r e c e d e s  
t h e  s e c o n d  member, . The v a l u e s  o f  and C^ tO^t)  a r e
The c o m p l e t e  s o l u t i o n s  ^ Q( x , t )  and ( x , t )  i n ­
c l u d i n g  t h e  t r a n s i e n t s  were  o b t a i n e d  b u t  t h e y  Were t o o  com­
p l i c a t e d  f o r  any p r a c t i c a l l u s e .  However,  t h e  c o m p l e t e  s o l u ­
t i o n s  w e r e  u s e d  t o  v e r i f y  t h e  c o r r e c t n e s s  of  t h e  d e r i v a t i o n  
by sh ow ing  t h a t  t h e y  s a t i s f i e d  t h e  d i f f e r e n t i a l  e q u a t i o n  
e x p r e s s i n g  F i c k vs se c o n d  law The i n i t i a l  and b o u n d a r y
c o n d i t i o n s  w e r e  a l s o  s a t i s f i e d . .
r e a d i l y  o b t a i n e d  i n  view o f  t h e  d e f i n i t i o n  o f  ^ a n d  .
Thus t h e  s t e a d y  s t a t e  c o n c e n t r a t i o n  o f  s u b s t a n c e  0 a t  x**0 i s
r  1(1* 1-  r °  ' M - r *  ^  C es f fa fnJ*#  +%]
w h e re  I  i s  t h e  a m p l i t u d e  o f  t h e  s q u a r e  wave c u r r e n t ,  and  *C
i s  t h e  h a l f - p e r i o d .  T h i s  e q u a t i o n  h o l d s  f o r  C ^ ( 0 , t )  e x c e p t  
t h a t  t h e  s e c o n d  t e r m  on t h e  r i g h t - h a n d  s i d e  i s  p r e c e d e d  by 
a  minus s i g n  a nd  i s  s u b s t i t u t e d  f o r  Dq „
P o t e h t i a l - T i m e  Curves
The c o m p l e t e  p o t e n t i a l - t i m e  c u r v e s  can be  o b t a i n e d  by 
s u b s t i t u t i n g  t h e  C ( 0 , t ) Ts i n  t h e  g e n e r a l  c u r r e n t - p o t e n t i a l  
e q u a t i o n  ( 1 - 6 ) 0 T h i s  l e a d s  t o  a c o m p l i c a t e d  e x p r e s s i o n ;  
i t  i s  more f r u i t f u l  t o  c o n s i d e r  t h e  c a s e  w h e r e  t h e  c u r r e n t  
d e n s i t y  an d  t h e  f r e q u e n c y  o f  t h e  s q u a r e  wave a r e  s e l e c t e d
i n  s u c h  a  manner  t h a t  t h e  v a r i a t i o n s  o f  p o t e n t i a l  f o r  t h e
s t e a d y  s t a t e  do n o t  e xc ee d  a few m i l l i v o l t s 0 The c u r r e n t -  
p o t e n t i a l  r e l a t i o n s h i p  g i v e n  by ( 2 - 2 0 )  i s  t h e n  a p p l i c a b l e  
a n d ,  i f  one  a s su m e s  f o r  t h e  s a k e  o f  s i m p l i c i t y  t h a t  
Cq = C ^ - C °  an d  t h a t  DQ—DR= D ,  one  r e a d i l y  o b t a i n s  t h e  
p o t e n t i a l - t i m e  r e l a t i o n s h i p  f o r  t h e  s t e a d y  s t a t e  by i n t r o ­
d u c i n g  t h e  c o n c e n t r a t i o n s  a t  x - o  i n  (2 -20) , ,  Thus
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whe re  i ^ ( t )  i s  e i t h e r  + I m or  - I m° V a lue s  o f  t h e  s e r i e s  i n  
t h i s  e q u a t i o n  a r e  p l o t t e d  a g a i n s t  t h e  f r a c t i o n  o f  t h e  p e r i o d  
i n  Figo The s e r i e s  i s  e q u a l  t o  1«6£876 /  2 ^ o r  1*20 a t
t  — 2 N t , and  - 1 „ 2 0  a t  t  = ( 2 N + l ) ' C  , w h e r e  N i s  an i n t e g e r .  
V a lu e s  o f  t h i s  s e r i e s  w er e  c a l c u l a t e d  f rom t h e  t a b u l a t e d  
v a l u e s  o f  a s i m i l a r  s e r i e s  computed by G l a i s h e r  ( l # ) o  
The f i r s t  t e r m  on t h e  r i g h t - h a n d  s i d e  o f  ( 3 - 1 1 )  
a c c o u n t s  f o r  t h e  k i n e t i c s  o f  e l e c t r o n  t r a n s f e r ,  and  t h e  otlffer 
t e r m  r e s u l t s  f rom v a r i a t i o n s  of  t h e  r e a g e n t  c o n c e n t r a t i o n s  
a t  t h e  e l e c t r o d e  s u r f a c e . .  The l a t t e r  t e rm  must  n o t  be l a r g e r  
t h a n ,  s a y ,  t e n  t i m e s  t h e  t e r m  i n  ks i f  t h e  r a t e  c o n s t a n t  
i s  t o  be  d e t e rm in ed , ,  Thus t h e  c o n d i t i o n
ks  <  10
must  be  s a t i s f i e d , ,  S i n c e  D i s  o f  t h e  o r d e r  o f  10" ^cmo^ s e c , 
v a l u e s  o f  k3 up t o  0 . 1  cmns e c n"'^ can e a s i l y  be d e t e r m i n e d ,  'ZT 
b e i n g  t h e n  l a r g e r  t h a n  10“ ^ see*  V a lu e s  of  kg up t o  1 cm. 
s e c o - !  c o u l d  p o s s i b l y  be  d e t e r m i n e d *  T h is  method i s  t h u s  
c o m p a r a b l e  t o  e l e c t r o l y s i s  w i t h  s u p e r i m p o s e d  a l t e r n a t i n g  
v o l t a g e *  A u s e f u l  p r o c e d u r e  f o r  o b t a i n i n g  kg would  b e
t
t o  d e t e r m i n e  a t  v a r i o u s  f r e q u e n c i e s ,  and  d e d u c e  k
f rom a p l o t  o f  E-E e a g a i n s t  ' t  ^ T h e  ohmic d r o p  must  be  
c o m p e n s a t e d  in  s uc h  m e a s u r e m e n t s „ f o r  e x a m p l e ,  by t h e  p r o ­
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CHAPTER IV -  EXPERIMENTAL METHODS
The a p p a r a t u s  u s e d  i n  t h e  e x p e r i m e n t a l  s t u d i e s  c o n s i s t e d  
o f  t h e  f o l l o w i n g  e s s e n t i a l  componen tss  t h e  e l e c t r o l y t i c  
c e l l ,  t h e  b r i d g e  t o  com pen sa te  t h e  e l e c t r o l y t e  r e s i s t a n c e ,  
and  t h e  g e n e r a t o r  of  c u r r e n t  im p u l s e s *  T hes e  a r e  d e s c r i b e d  
belowo
The E l e c t r o l y t i c  C e l l
The k i n e t i c s  of  t h e  d i s c h a r g e  o f  cadmium i o n s  on cadmium
4
amalgam was s t u d i e d  t o  v e r i f y  t h e  t h e o r y  d e v e l o p e d  i n  C h a p te r  
I I  b e c a u s e  k i n e t i c  d a t a  f o r  t h i s  r e a c t i o n  a r e  a v a i l a b l e  i n  
t h e  l i t e r a t u r e  ( 1 6 ) •  The e l e c t r o l y t i c  c e l l  u s e d  i n  t h i s  
i n v e s t i g a t i o n  was e s s e n t i a l l y  t h e  same a s  t h e  one u s e d  by 
G e r i s c h e r  (15)  i n  t h e  s t u d y  o f  t h e  cadmium -  cadmium amalgamS'
s y s t e m  by e l e c t r o l y s i s  w i t h  s u p e r i m p o s e d  s i n u s o i d a l  v o l t a g e *
The c e l l  was composed o f  two amalgam e l e c t r o d e s  o f  i d e n t i c a l  
c o m p o s i t i o n  (Fig* 5)5 a h a n g i n g  amalgam d r o p  was u s e d  as  
t h e  w o r k i n g  e l e c t r o d ' e  w h i l e  an amalgam pool  w i t h  a b o u t  200 
t i m e s  l a r g e r  a r e a  s e r v e d  as  ohe r e f e r e n c e  e l e c t r o d e *  The 
amalgam was made t o  f l ow  a t  a c o n s t a n t  r a t e  t h r o u g h  an o r d i n a r y  
p o l a r o g r a p h i c  c a p i l l a r y ,  and  t h e  amalgam d r o p s  formed a t  t h e  
end o f  c a p i l l a r y  w e re  c a u g h t  i n  a g r o o v e  on a s m a l l  g l a s s  
p l a t e  a t t a c h e d  t o  t h e  c a p i l l a r y  w i t h  s u c h  an i n c l i n a t i o n  
t h a t  t h e  d r o p s  r o l l e d  s l o w l y  a l o n g  t h e  groove*  The c a p i l l a r y ,  
h e l d  i n  t h e  v e r t i c a l  p o s i t i o n  by a c l o s e  f i t t i n g  g l a s s  s l e e v e ,  
c o u l d  be  r o t a t e d  a b o u t  i t s  a x i s  in  su c h  a f a s h i o n  t h a t  t h e
37
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d r o p s  r o l l i n g  a l o n g  t h e  g r o o v e  t o u c h e d  t h e  t i p  of  a s m a l l  
p l a t i n u m  w i r e  s e r v i n g  as  t h e  t e r m i n a l  f o r  t h e  w o rk i n g  e l e c t r o d e *  
The p l a t i n u m  w i r e  was s e a l e d  i n  g l a s s  and o n l y  i t s  t i p  a b o u t  
0 . 1  mm l o n g  w a s ^ l e f t  unco ve red*  S i n c e  m e rc u ry  (o r  amalgam) 
d o e s  n o t  a d h e r e  t o  p l a t i n u m ,  t r a c e s  o f  g o l d  were  d e p o s i t e d  
on t h e  t i p  o f  t h e  p l a t i n u m  w i r e  by e l e c t r o p l a t i n g .  A f t e r  
t h i s  t r e a t m e n t  o f  t h e  t i p ,  d r o p s  o f  m e rc u r y ,  or  amalgam, 
a d h e r e d  t o  t h e  w i r e  v e r y  e a s i l y  and  r e m a i n e d  h a n g i n g  f o r  
any  p e r i o d  o f  t i m e .  The h a n g i n g  d r o p  was renewed  by c o l l e c t i n g  
a d d i t i o n a l  d r o p s  on t h e  p l a t i n u m  t i p  u n t i l  t h e  l i m i t  of  a d -
o
h e s i o n  was e x c e e d e d  and  t h e  d r o p  d e t a c h e d  i t s e l f .  A new d ro p  
o f  i d e n t i c a l  s i z e  was r e p l a c e d  on t h e  p l a t i n u m  t i p .  The s i z e  
o f  t h e  d r o p  was d e t e r m i n e d  by c o l l e c t i n g  a known number o f  
d r o p s  and  w e i g h i n g  them.
The h a n g i n g  d r o p  e l e c t r o d e  i s  p r e f e r a b l e  t o  t h e  d r o p p i n g  
m e r c u r y  e l e c t r o d e  i n  t h i s  t y p e  o f  i n v e s t i g a t i o n  b e c a u s e  i t  
h as  a c o n s t a n t  a r e a  and  does  n o t  r e q u i r e  a d e v i c e  f o r  s y n c h r o ­
n i z i n g  t h e  o p e r a t i o n  o f  t h e  e l e c t r i c a l  equ ipment  w i t h  t h e  
f a l l  o f  t h e  d r o p .  The s m a l l  c o n t a m i n a t i o n  of  g o l d  i n  m e rc u ry  
does  n o t  i n t e r f e r e  w i t h  measurements  s i n c e  g o l d  i s  a n o b l e r  
e l e m e n t  t h a n  m e rc u ry .
S o l u t i o n s  were  f r e e d  f rom d i s s o l v e d  oxygen b e f o r e  
e l e c t r o l y s i s  by b u b b l i n g  n i t r o g e n  a c c o r d i n g  t o  c o n v e n t i o n a l  
p o l a r o g r a p h i c  p r a c t i c e .  T h i s  gas  was a l s o  p a s s e d  t h r o u g h  
t h e  c e l l  b e f o r e  ea ch  measurement  in  o r d e r  t o  e l i m i n a t e  any 
g r a d i e n t  of  c o n c e n t r a t i o n .
4 0
)
Co m pen sa t io n  f o r  t h e  E l e c t r o l y t e  R e s i s t a n c e
In  g e n e r a l  t h e  ohmic d r o p  a c r o s s  t h e  c e l l  i s  much l a r g e r  
t h a n  t h e  p o t e n t i a l  c h a n g e s  i n  t h e  e a r l y  s t a g e s  o f  e l e c t r o l y s i s ,  
an d  an a d e q u a t e  c o m p e n s a t i o n  must  t)e p r o v i d e d *  T h i s  was 
a c h i e v e d  by i n c o r p o r a t i n g  t h e  c e l l  i n  a b r i d g e  c i r c u i t  a s  
shown s c h e m a t i c a l l y  i n  F ig* 6 .  The c e l l  CE c o n t a i n i n g  o n l y  
t h e  s u p p o r t i n g  e l e c t r o l y t e  (amalgam e l e c t r o d e s  r e p l a c e d  by 
i d e n t i c a l  Hg e l e c t r o d e s )  was p l a c e d  i n  t h e  f o u r t h  arm of  
t h e  b r i d g e ,  w h i l e  t h e  a d j u s t a b l - e  r e s i s t a n c e  R ^ , i n  s e r i e s  
w i t h  a v a r i a b l e  c a p a c i t o r  C^, s e r v e d  a s  t h e  e q u i v a l e n t  c i r ­
c u i t  f o r  t h e  c e l l .  The b r i d g e  was f e d  by an o s c i l l a t o r  
h a v i n g  an  o u t p u t  v o l t a g e  of  a few m i l l i v o l t s ^ -  w i t h  t h e  f r e q u e n c y  
o f  lCp c y c l e s  p e r  s e c o n d .  By s e t t i n g  R^= R2 and  by a d j u s t i n g  
R^ a n d  t h e  b r i d g e  was b a l a n c e d ,  a c a t h o d e - r a y  o s c i l l o s c o p e  
CRO w i t h  a p r e a m p l i f i e r  ( n o t  shown i n  t h e  d ia g ra m )  b e i n g  
u s e d  a s  t h e  b a l a n c e  i n d i c a t o r .  The c a p a c i t o r  was t h e n  
removed f rom t h e  c i r c u i t  and t h e  c e l l  r e p l a c e d  by a v a r i a b l e  
r e s i s t a n c e  R^,  a n a  t h e  b r i d g e  was r e b a l a n c e d  by  a d j u s t i n g
R. o The r e b a l a n c e d  b r i d g e  was t h e n  c o n n e c t e d  t o  t h e  c o n s t a n t  
4
c u r r e n t  g e n e r a t o r  ( d e s c r i b e d  b e l o w ) ,  and a c u r r e n t  was d e t e r ­
mined  by m e a s u r i n g  t h e  ohmic d r o p  i n  t h e  r e s i s t a n c e  R^ by 
means of  a Leeds and  N o r t h r u p  s t u d e n t  p o t e n t i o m e t e r .  In  
o r d e r  t o  m a i n t a i n  t h e  same c u r r e n t  d i s t r i b u t i o n  i n  t h e  b a l a n c e d  
b r i d g e  d u r i n g  t h e  r e c o r a i n g  o f  p o t e n t i a l - t i m e  c u r v e s ,  r e s i s t a n c e
V o l t a g e  o f  a s m a l l  a m p l i t u d e  had t o  be  a p p l i e d  t o  
t h e  b r i d g e  t o  o b t a i n  a good b a l a n c e  b e c a u s e  t h e  d o u b l e  l a y e r  
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R-L was s o  h i g h  t j i a t  t h e  v o l t a g e  d r o p  a c r o s s  i t  exceeded  more 
t h a n  100 t i m e s  t h e  c o u n t e r  e«ni.fo o f  t h e  c e l l  d e v e l o p e d  
d u r i n g  e l e c t r o l y s i s ®
A d j u s t m e n t  of  R. c o u l d  a l s o  be  made w i t h  d i r e c t  c u r r e n t3
( c a p a c i t o r  b e i n g  removed and c e l l  c o n t a i n i n g  t h e  s y s t e m  
t o  be  i n v e s t i g a t e d ) ,  b u t  t h e  s o l u t i o n  had t o  be  s t i r r e d  t o  
a v o i d  c o n c e n t r a t i o n  p o l a r i z a t i o n ,  and  i n  o r d e r  t o  make t h e  
o v e r v o l t a g e  v i r t u a l l y  e q u a l  t o  z e r o  t h e  c u r r e n t  t h r o u g h  t h e  
c e l l  must  b e  much s m a l l e r  t h a n  t h e  c u r r e n t  u se d  d u r i n g  t h e  
r e c o r d i n g  o f  p o t e n t i a l - t i m e  curves® A s e n s i t i v e  g a l v a n o m e t e r  
c o u l d  b e  u s e d  a s  t h e  b a l a n c e  i n d i c a t o r ®
G e n e r a t i o n  of  C u r r e n t  S t e p
The g e n e r a t i o n  o f  a c u r r e n t  s t e p  w i t h  a v e r y  s t e e p  
f r o n t  i s  a n e c e s s a r y - r e q u i r e m e n t  i n  t h i s  i n v e s t i g a t i o n ®
The e l e c t r i c a l  c i r c u i t  f o r  g e n e r a t i o n  o f  su c h  c u r r e n t  s t e p s  
i s  shown s c h e m a t i c a l l y  i n  Fig® 7° T h i s  c i r c u i t  was f u n d a ­
m e n t a l l y  t h e  same a s  t h e  one o f t e n  u s e d  i n  c o n v e n t i o n a l  
e l e c t r o l y s i s  a t  c o n s t a n t  c u r r e n t  e x c e p t  t h a t  an e l e c t r o n i c  
s w i t c h  r a t h e r  t h a n  a m e c h a n i c a l  r e l a y  was u s e d  t o  i n i t i a t e  
t h e  f l o w  of: cu r ren t®
The  b r i d g e  AB c o n t a i n i n g  t h e  e l e c t r o l y t i c  c e l l ,  i n  s e r i e s  
w i t h  a v a r i a b l e  r e s i s t a n c e  a n d  a t h y r a t r o n ,  was  c o n ­
n e c t e d  t o  a  c o n s t a n t  v o l t a g e  power  s u p p l y  h a v i n g . a n  o u t p u t  
v o l t a g e  o f  300  v o l t s ®  The  r e s u l t i n g  c i r c u i t  h a s  two s t a b l e  
s t a t e s :  t h e  t h y r a t r o n  i s  e i t h e r  c o n d u c t i n g  o r  n o n - c o n d u c t i n g , ,
Bo t h  s t a t e s  a r e  s t a b l e  s i n c e  t h e  f i r s t  i s  m a i n t a i n e d  by  t h e
+ 3 0 0 v.
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n e g a t i v e  g r i d  b i a s  ( - 2 2 * 5 v o l t s )  and  t h e  s e c o n d  by t h e  n a t u r e  
o f  t h e  g a s  d i s c h a r g e e  The c i r c u i t  p a s s e s  from t h e  u u n - c o n d u c t i n g  
t o  t h e  c o n d u c t i n g  s t a t e  when t h e  g r i d  o f  t h e  t h y r a t r o n  r e c e i v e s  
a  s u i t a b l e  t r i g g e r i n g  s i g n a l  a s  d e s c r i b e d  below* The c i r c u i t  
t h e n  r e m a in s  i n  t h e  c o n d u c t i n g  s t a t e ,  p r o v i d e d  t h a t  t h e  c u r v  
r e n t  t h r o u g h  t h e  t h y r a t r o n  i s  h i g h  enough t o  m a i n t a i n  a 
c o n t i n u o u s  d i s c h a r g e .
When c u r r e n t s  lo w er  t h a n  t h e  minimum d i s c h a r g e  c u r r e n t  
( a p p r o x .  1 ma f o r  t h e  t h y r a t r o n  t y p e  2 0 5 0 ) w ere  d e s i r e d  
t h r o u g h  t h e  b r i d g e ,  an a d d i t i o n a l  r e s i s t o r  R5 was c o n n e c t e d  
p a r a l l e l  t o  t h e  b r i d g e *  The e x t i n g u i s h i n g  o f  t h e  t h y r a t r o n  
was a c c o m p l i s h e d  by  o p e n in g  t h e  p l a t e  o r  c a t h o d e  c i r c u i t  
m o m e n t a r i l y .
The method o f  t r i g g e r i n g  t h e  t h y r a t r o n  c i r c u i t s  i s  a s  
f o l l o w s .  The c o n t r o l  g r i d - t o - c a t h o d e  v o l t a g e  i s  i n c r e a s e d  
t o  a  p o i n t  beyond a c r i t i c a l  v a l u e ,  and  e v e n t u a l l y  t h e  t u b e  
w i l l  f i r e .  However, t h e  d i r e c t  a p p l i c a t i o n  o f  t h e  t r i g g e r i n g  
s i g n a l  t o  t h e  g r i d  o f  t h e  t h y r a t r o n  r e s u l t s  i n  t h e  i n t r o d u c ­
t i o n  o f  a  t r a n s i e n t  i n  t h e  main c i r c u i t *  T h i s  d i f f i c u l t y  
was overcom e by f e e d i n g  t h e  t r i g g e r  s i g n a l  t o  t h e  t h y r a t r o n  
g r i d  t h r o u g h  a d i o d e ,  6 H6 , (11) * U s ing  t h e  t r i g g e r i n g  c i r ­
c u i t  shown i n  Fig* 7 and  im p ro v in g  t h e  r e s p o n s e  o f  t h e  power 
s u p p l y  by c o n n e c t i n g  a l a r g e  c o n d e n s e r  C2 (1 0 0  m i c r o f a r a d s )  
a c r o s s  i t s  o u t p u t  t e r m i n a l s ,  t h e  f i r i n g  o f  t h e  t h y r a t r o n ,  
i * e * ,  t h e  s w i t c h i n g  on o f  t h e  c u r r e n t ,  was a c c o m p l i s h e d  
i n  a p p r o x i m a t e l y  10” ? s e co n d  and  o n ly  a s m a l l  t r a n s i e n t ,
l a s t i n g  l e s s  t h a n  a m ic r o s e c o n d ,  was s u p e r im p o se d  on t h e  
c o n s t a n t  c u r r e n t .
R e c o r d in g  o f  P o t e n t i a l - T i m e  Curves
By c l o s i n g  t h e  d o u b le  p o l e  d o u b le  th ro w  r e l a y ,  S-^S^,
w h ich  was a d j u s t e d  i n  s u c h  a manner a s  t o  c l o s e  S£ s l i g h t l y
b e f o r e  S ^ ,  t h e  b r i d g e  c i r c u i t  AB c o n t a i n i n g  t h e  e l e c t r o l y t i c
c e l l  was c o n n e c t e d  t o  t h e  c o n s t a n t  c u r r e n t  g e n e r a t o r ,  and
t h e  t r i g g e r i n g  s i g n a l  f rom a 45~ v o i r t " 'b a t t e r y  was a p p l i e d
t o  t h e  g r i d  of  t h e  t h y r a t r o n  ( F i g ,  7 ) .  The same s i g n a l
was u s e d  t o  t r i g g e r  t h e  h o r i z o n t a l  sweep of  t h e  r e c o r d i n g
o s c i l l o s c o p e .  R e la y  S^S2 was a c t u a t e d  by c l o s i n g  s w i t c h
S m a n u a l l y ,
3
In  o r d e r  t o  i n t e r r u p t  t h e  e l e c t r o l y s i s - b e f o r e  s e c o n d a r y  
e l e c t r o d e  r e a c t i o n s  ( d e c o m p o s i t io n  •'bf t h e  s o l v e n t  o r  s u p p o r t i n g  
e l e c t r o l y t e )  c o u ld  o c c u r ,  i t  was n e c e s s a r y  t o  d i s c o n n e c t  
t h e  c e l l  f rom  t h e  c u r r e n t / g e n e r a t o r  a f t e r  a d e f i n i t e  t im e  
o f  e l e c t r o l y s i s .  T h i s  was a c c o m p l i s h e d  by c o n n e c t i n g  a 
b i a s e d  t h y r a t r o n  T2 i n  p a r a l l e l  w i t h  t h e  r e l a y  c o i l .  A f t e r  
a d e f i n i t e  i n t e r v a l  o f  p im e ,  w h ich  was d e t e r m in e d  by t h e  
v a l u e s  o f  t h e  r e s i s t a n c e  Ry and  t h e  c a p a c i t o r  C^, t h e  t h y r a t r o n  
T2 became c o n d u c t i v e ,  phus s h o r t e n i n g ' o u t  t h e  r e l a y  c o i l  
an d  o p e n in g  t h e  e l e c t r o l y s i s  c i r c u i t .
The v o l t a g e  a c r o s s  t h e  e l e c t r o l y t i c  c e l l  d u r i n g  e l e c t r o l y ­
s i s  was r e c o r d e d  w i t h  a c a l i b r a t e d  c a t h o d e - r a y  o s c i l l o s c o p e  
( T e k t r o n i x  o s c i l l o s c o p e . ,  model 531 w i t h  t h e  d i f f e r e n t i a l  
p r e a m p l i f i e r  53D /54D h a v in g  a maximum s e n s i t i v i t y  o f  1 m i l l i ­
v o l t  p e r  c e n t i m e t e r ) .  S in c e  t h e  v o l t a g e  d ro p  a c r o s s  t h e
46 .
i 1
c e l l  due  to^ t h e  e l e c t r o l y t e  r e s i s t a n c e  was co m p en sa ted  by 
t h e  a d j u s t e d  r e s i s t a n c e  ( F i g .  6 ) ,  t h e  o s c i l l o s c o p e  r e c o r d e d  
o n l y  ch a n g es  i n  p o t e n t i a l  o f  t h e  w o rk in g  e l e c t r o d e  d u r i n g  
t h e  c o u r s e  o f  e l e c t r o l y s i s .
The o s c i l l o g r a m s  w e re  p h o to g r a p h e d  on 35 ™  f i l m  and  
r e a d i n g s  w e re  made f rom  e n l a r g e d  im a g es .
(
CHAPTER V - DESCRIPTION AND DISCUSSION OF EXPERIMENTAL RESULTS
The k i n e t i c s  o f  t h e  d i s c h a r g e  of  cadmium io n s  on cadmium 
amalgam was s t u d i e d  t o  check  t h e  t h e o r y  d e v e lo p e d  in  C h a p te r  
I I .  The sy s tem  Cd^"^/Cd(amalgam) was s e l e c t e d  f o r  t h i s  p u r p o s e  
b e c a u s e  i t s  k i n e t i c s  has been t h o r o u g h l y  i n v e s t i g a t e d  ( 1 6 ) 
f rom  t h e  s t u d i e s  o f  e l e c t r o l y s i s  w i t h  s i n u s o i d a l  v o l t a g e s .  
F u r t h e r m o r e ,  t h i s  sy s te m  has one o f  t h e  l a r g e s t  r a t e  c o n s t a n t s  
k s so  f a r  d e t e r m i n e d .
i i i <. \
Four  Cd /Cd(am algam) sy s tem s  ^  h a v in g  i d e n t i c a l  com­
p o s i t i o n  i n * t h e  amalgam p h a s e ,  b u t  d i f f e r r i n g  i n  t h e  co n c e n ­
t r a t i o n  o f  Cd++- i o n  in  t h e  s o l u t i o n  p h a s e  -  w e re  s t u d i e d .
The cadmium amalgam u sed  in  t h i s  i n v e s t i g a t i o n  was p r e p a r e d  
by d i s s o l v i n g  a known amount o f  m e t a l l i c  cadmium in  m e rc u ry .
D u r in g  i t s  p r e p a r a t i o n ,  s t o p a g e ,  and  u s e  t h e  amalgam was 
k e p t  u n d e r  an i n e r t  ( n i t r o g e n )  a tm o s p h e r e  t o  a v o i d  any  o x i d a ­
t i o n  of  t h e  amalgam by a t m o s p h e r i c  oxygen .  The c o m p o s i t i o n
+  +■ /  ^  o f  t h e  f o u r  Cd /Cd(amalgam) sy s tem s  was a s  f o l l o w s :
System  I  -  1 . 0  x 10"^
m
System  I I  - 5 . 0  x 1 0 - ^
System  I I I  - 2 . 5  x 1 0 “^
System  IV -  1 . 0  x 10 ^
M cadmium s u l f a t e  in  1M 
sodium s u l f a t e
w h i l e  t h e  amalgam c o n t a i n i n g  0 .6  mole p e r  c e n t  o f  cadmium 
-  tf-( 4 . 0  x 10 m ole ,  cm.”-*) was u se d  in  a l l  f o u r  c a s e s .  A l l




P o t e n t ia l - t im e  cu rves fo r  th e  fo u r  above m entioned sy stem s
w e r e  r e c o r d e d  d u r i n g  t h e  e l e c t r o l y s i s  w i t h  t h e  c u r r e n t  d e n s i t y  
. ' i
o f  9*30 x  10“ *̂ amp. cm.~2 a s  d e s c r i b e d  in  C h a p te r  IV. Two
exam ples  o f  p o t e n t i a l - t i m e  c u r v e s  ( f o r  sy s tem  I  and  IV) a r e
shown i n  F i g .
A c c o rd in g  t o  t h e  t r e a t m e n t  d e v e lo p e d  i n  C h a p te r  I I  t h e
p o t e n t i a l - t i m e  r e l a t i o n s h i p  s h o u ld  b e  o f  t h e  form  ( s e e  e q u a t i o n
( 2 - 4 7 ) )  „ ,  .
E . ~ E e  -  K , t  *  + K z  ( * - ' )
w here  and  a r e  c o n s t a n t s  in d e p e n d e n t  o f  t i m e .  The con­
s t a n t  K2 i s  r e l a t e d  i n  a s i m p l e  manner t o  t h e  exchange  c u r -  
r e n t  d e f i n e d  by  e q u a t i o n  ( 1 - £ ) .  I t  f o l l o w s  from ( 5 - 1 )  t h a t  
t h e  ex ch an g e  c u r r e n t  can be  d e t e r m i n e d  from t h e  p l o t  o f  
p o t e n t i a l 7a g a i n s t  s q u a r e  r o o t  o f  t i m e .  A d e t a i l e d  p r o c e d u r e  
f o r  c a l c u l a t i o n s  o f  t h e  exchange  c u r r e n t  f rom  t h i s  p l o t  was 
g i v e n  on page  29* The d a t a  n e c e s s a r y  t o  e v a l u a t e  t h e  exchange 
c u r r e n t s  w e re  o b t a i n e d  f rom  t h e  p l o t s  shown in  F i g .  9 and  
a r e  sum m arized  i n  T a b l e  I .  Exchange c u r r e n t s  w ere  c a l c u l a t e d  
f rom  t h e  i n t e r c e p t s  a t  t ^  = t |  by means o f  t h e  e q u a t i o n  ( 2- 4 9 ) .  
The v a l u e s  of  t ^  a t  w h ich  t h e  i n t e r c e p t s  w ere  d e t e r m i n e d  w ere  
com puted  f rom  t h e  s l o p e s  o f  t h e  s t r a i g h t  l i n e s  shown in  
F i g .  9 ,  t h e  c u r r e n t  d e n s i t y  and  the"  d i f f e r e n t i a l  c a p a c i t y  
o f  t h e  d o u b le  l a y e r  ^  ( s e e  e q u a t i o n  ( 2 - 5 1 ) ) -  The l a s t  
q u a n t i t y  (C1 ) was d e t e r m i n e d  by m e a s u r in g  t h e  c a p a c i t y  o f  
t h e  e l e c t r o l y t i c  c e l l  w i t h  t h e  AG b r i d g e  ( F i g .  6 ) .  The 
a m p l i t u d e  o f  t h e  a l t e r n a t i n g  v o l t a g e  a p p l i e d  t o  t h e  b r i d g e  






















E - E e (millivolts)
vnO
TABLE I
DATA FOR CALCULATION OF EXCHANGE CURRENTS
C o n c e n t r a t i o n 3 
o f  Cd++
Slope** t ^  c 15 i I n t e r c e p t ^
£
a t  t j
E xchange6
c u r r e n t s
k ^Ks
I 10 2 .4 2 7 .1 6 0 .4 0 3 0 .3 4 .4 6
I I 5 .0 4 .9 0 1 4 .5 0 .7 0 17 .3 4 .5 6
I I I 2 . 5 9 .6 0 2 9 .0 1 .2 0 1 0 .1 4* 43
IV 1*0 2 4 .1 7 1 .1 2 .4 5 4 .9 4 4 .4 1
Av. 4*47
U n i t s :
- 7  , -3(a )  10 mole.<?p.
- 2
(b)  10 v o l t . s e c .
- 4  i
( c )  10 s e c .
(d)  m i l l i v o l t s .
/ \ , ^ - 3  "2(e )  10 amp.cm.
/ x -2  -1
( f )  10 c m .s e c .
51
o f  30 k i l o c y c l e s  p e r  second* I t  was shown by G e r i s c h e r  (1$) 
t h a t  u n d e r  t h e s e  c o n d i t i o n s  t h e  c a p a c i t i v e  im pedance  o f  t h e  
c e l l  c o n t a i n i n g  t h e  sy s te m  Cd++/Cd(am algam ) was v i r t u a l l y
e q u a l  t o  t h e  d i f f e r e n t i a l  d o u b le  l a y e r  c a p a c i t y  o f  t h e  p o l a r i z e d
\
e l e c t r o d e *  The c a p a c i t y  of  t h e  p o l a r i z e d  e l e c t r o d e  d e t e r m in e d  
i n  t h e  f o r e g o i n g  manner was fo u n d  t o  be  3 -5  x 10"^ f a r a d .  
cm*” ^o
■ v -v
The t r a n s f e r  c o e f f i c i e n t  o( was d e t e r m i n e d  from t h e  
v a r i a t i o n  o f  t h e  exchange  c u r r e n t  w i t h  - the  c o n c e n t r a t i o n  
o f  Cd - i o n -  In  view o f  t h e  d e f i n i t i o n  o f  t h e  exchange
OC.
c u r r e n t  i 0 = n F k 3 CQ Cg t h e  l o g a r i t h m i c  p l o t  o f  i  v e r s u s  
Cq s h o u l d  y i e l d  a s t r a i g h t  l i n e  h a v in g  a s l o p e  e q u a l  t o  
( 1 - o C ) .  T h is  i s  indeed^ t h e  c a s e  ( F i g .  1 0 ) .  From t h e  s l o p e  
o f  t h i s  s t r a i g h t  l i n e  i n  Fig* 10 one c a l c u l a t e s  t h e  v a l u e ,
<* -  0 . 2 1 .
The r a t e ^ c o n s t a n t  kg was c a l c u l a t e d  f r o m ^ t h e  exchange  
c u r r e n t s  u s i n g  t h e  ab o v e  d e t e r m in e d  v a l u e  f o r  t h e  t r a n s f e r  
c o e f f i c i e n t  oL ( $ ( = 0 . 2 1 ) .  The r e s u l t s  a r e  shown in  t h e  l a s t
_ p
column o f  T a b le  I ,  t h e  a v e r a g e  v a l u e  o f  ks b e i n g  4 ° 5 x 10 
c m . s e c " ^ .
I t  shou ld  be n o te d  t h a t  t h e  v a lu e s  of  th e  k i n e t i c  p a r a ­
m eters  k „ = 4 o 5  x 10_ 2 cmoseCo_1 and o(=0o21 o b ta in e d  by th eO
1,
p r e s e n t  method a r e  i n  good a g re e m e n t  w i t h  t h o s e  (ks = 4«2 
x l 0 " 2 c n i . s e c o ' -1’ and  o(-0ol&) o b t a i n e d  by G e r i s c h e r  (16)  f o r  
t h e  same sy s tem  from s t u d i e s  o f  e l e c t r o l y s i s  w i t h  s i n u s o i ­
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I n  o r d e r  t o  v e r i f y  t h e  e q u a t i o n  ( 2 -6 )  o f  t h e  c o m p le te  
p o t e n t i a l - t i m e  c u r v e  t h e  v a r i a t i o n  o f  p o t e n t i a l  f o r  sy s te m  
IV was r e c o r d e d  i n  t h e  c o u r s e  o f  e l e c t r o l y s i s  w i t h  t h e  c u r r e n t  
. d e n s i t y  o f  9 . 3 0  x 10_^ a m p .c m . - 2 .  The p l o t  o f
a g a i n s t  E -E e was c o n s t r u c t e d  from t h e  o b t a i n e d  p o t e n t i a l
t i m e  c u r v e .  The r e s u l t i n g  p l o t  shown i n  F ig* 11 g i v e s  a 
s t r a i g h t  l i n e  a s  p r e d i c t e d  by e q u a t i o n  ( 2 - 6 )  b u t  t h e  p r e c i s i o n  
i s  r a t h e r  p o o r  a s  compared  w i t h  t h e  l i n e a r  p l o t s  shows in  
F i g .  9° T h i s  i s  t o  be  e x p e c t e d ,  s i n c e  t h e  s m a l l  s i z e  o f  
t h e  s c r e e n  o f  t h e '  c a t h o d e - r a y  o s c i l l o s c o p e  p r e v e n t s  t h e  
r e c o r d i n g  o f  w id e  v a r i a t i o n s  i n  p o t e n t i a l  w i t h  h i g h  a c c u r a c y .  
F u r t h e r m o r e ,  e q u a t i o n  ( 2 - 6 )  r e p r e s e n t s  o n l y  an a p p r o x i m a t e  
e x p r e s s i o n  f o r  p o t e n t i a l - t i m e  c u r v e s  b e c a u s e ,  in  i t s  d e r i v a ­
t i o n ,  t h e  i n f l u e n c e  o f  : the d o u b le  l a y e r  c a p a c i t y  was n o t
t a k e n  i n t o  account®  One c a l c u l a t e s  ( e q u a t i o n  ( 2 - 6 ) ) ,  f rom*
t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  i n  Fig® 1 1 ,  a  v a l u e  o f  t h e  
t r a n s f e r  c o e f f i c i e n t ,  o( -  O 3 3
On t h e  b a s i s  o f  t h e  f o r e g o i n g  r e s u l t s  one may c o n c lu d e  
t h a t  e l e c t r o l y s i s  w i t h  a c u r r e n t  i m p u l s e  i s  a v a l u a b l e  
m e thod  f o r  s t u d i e s  o f  f a s t  e l e c t r o n  t r a n s f e r  p r o c e s s e s .
T h i s  m ethod  c o u l d  be  a p p l i e d  t o  d e t e r m i n e  t h e  r a t e  c o n s t a n t s  
f o r  s o - c a l l e d  " r e v e r s i b l e 11 e l e c t r o d e  r e a c t i o n s  i n  aq u e o u s  
s o l u t i o n s  a n d ,  p a r t i c u l a r l y ,  i n  f u s e d  s a l t s  w h e re  t h e  e l e c t r o n  
t r a n s f e r  i s  t o o  r a p i d  t o  be s t u d i e d  by  any  o t h e r  methods
i
^-developed  so  far®






APPENDIX -  ELECTROLYSIS WITH ALTERNATING 
VOLTAGE OF SMALL AMPLITUDE
T h e o r e t i c a l  a n a l y s e s  o f  e l e c t r o l y s i s  w i t h  s i n u s o i d a l l y  
a l t e r n a t i n g  v o l t a g e  have  been  d e v e lo p e d  by v a r i o u s  a u t h o r s  
d u r i n g  t h e  l a s t  f i f t y  y e a r s  (12 ,  1 3 ,  14 ,  20 ,  2 9 ) o The c u r r e n t -
p o t e n t i a l  r e l a t i o n s h i p s  d e r i v e d  by  t h e s e  a u t h o r s  a r e  v a l i d
\
o n l y  when t h e  s y s t e m  b e i n g  e l e c t r o l y z e d ^ h a s  a t t a i n e d  a s t e a d y  
s t a t e ,  and  no i n f o r m a t i o n  i s  a v a i l a b l e  a b o u t  t h e  n a t u r e  
and  s i g n i f i c a n c e  o f  t h e  t r a n s i t o r y  s ta te* ,  The know ledge  of  
t r a n s i e n t s  i s  o f  i n t e r e s t  i n  p o l a r o g r a p h y  w i t h  s u p e r im p o s e d  
a l t e r n a t i n g  v o l t a g e  w h e re  d i r e c t  m easu rem e n ts  o f  t h e  c u r r e n t  
a m p l i t u d e  a r e  made*.
S i n c e ,  i n  t h i s  m e thod ,  t h e  p o t e n t i a l  o f  t h e  p o l a r i z e d  
e l e c t r o d e  v a r i e s  p e r i o d i c a l l y  a b o u t  i t s  e q u i l i b r i u m  v a l u e  
( o b s e r v e d  when no c u r r e n t  f lo w s  t h r o u g h  t h e  c e l l )  by  a few 
m i l l i v o l t s ,  t h e  g e n e r a l  c u r r e n t - p o t e n t i a l  r e l a t i o n s h i p  ? 2 -3 3 )  
i s  a p p l i c a b l e  t o  t h e  d e r i v a t i o n  o f  t h e  c u r r e n t  a s  a f u n c t i o n  
o f  t im eo
E x p r e s s i n g  t h e  p o t e n t i a l  a s  a f u n c t i o n  o f  t i m e  d u r i n g
one o b t a i n s ,  a f t e r  i n t r o d u c i n g  t h e  L a p l a c e  t r a n s f o r m  o f  
E ( t ) ^ i n  ( 2 - 3 3 ) ,  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  t h e  t r a n s f o r m  
o f  c u r r e n t
\
e l e c t r o l y s i s  by
57
L ( s ) = -  L0e \
CU COS £ 
-h
S Str\ C 
S 1 f  uj  h
-  CL COS I
u s
(s^+tAjVCs't+oJ
■ f  S t n E
U *-*j
w h e re  i Q and a a r e  d e f i n e d  by (2-14&) and  (2 -3 4 )  * r e s p e c t i v e l y .  
The i n v e r s e  t r a n s f o r m  o f  c u r r e n t  i s  o b t a i n e d  by a p p l y i n g  
t h e  c o n v o l u t i o n  i n t e g r a l 0 Thus
nF
S i n  ( o u t  f £ J 
t
1 I
v  . 1 &ITT -  (L e x p fa * )e r fc (a v y L /C
By s e v e r a l  i n t e g r a t i o n s  by p a r t s  one  o b t a i n s
Sin f  Lvt + £ )
( # - 3 j
Lit J = -
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w h e r e  C and  S a r e  t h e  F r e s n e l  i n t e g r a l s
■J / J
CO.l I  -pjf- J <Jy OnoI U n  !^ \ J t
T h ese  i n t e g r a l s  can b e  e x p re s s e d .  (27)  by
Qj) = i  + -H Z -  -  - ^ r  <*j u - (»-s)rt
■ S Q J ( ' - ‘J
w h ere  t h e  f u n c t i o n s  K4-H and K-H, w h ich  w e re  c a l c u l a t e d  by  
M i l l e r  and  Gordon (27)  9 a r e  shown i n  Figo 12* The c o m b in a t io n  
o f  (A - / f ) ,  ( A - 5 ) ,  and  (A-6)  y i e l d s ,  a f t e r  some a l g e b r a i c  
t r a n s f o r m a t i o n s „
L\J>fh
l^a1 (j'm ) V  f  ujI
Sen, u»t -b £ + % -  -ton1— (̂ t )/UJ I'/J,
+ T) +- Tz T3
(a-7)
w i t h
T  = exp ( a^ij  erjc ( ^ t ^ )
r-n _  O L l l L u / t J i O  [ t  to r *  (  qiJ I  K + hi
k ~  ( Q 1* L) ^  77
■-p _ tt 1 >•w I'lh • t n / 1 -  /a>i' fgv_/ X'-H
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The T ’ s i n  (A—7) a r e  t h e  t r a n s i e n t s  and t h e  o t h e r  te rm
*
r e p r e s e n t s  t h e  s t e a d y  s t a t e  s o l u t i o n  w hich  i s  i d e n t i c a l  t o  
t h a t  d e r i v e d  p r e v i o u s l y  by o t h e r  a u t h o r s  f o r  t h e  s t e a d y  s t a t e *  
T h e  p h a s e  s h i f t  o f  t h e  c u r r e n t  w i t h  r e s p e c t  t o  t h e  v o l t a g e  
i s
an d  i s  e q u a l  t o  t f / h  when a i s  i n f i n i t e *  T h is  r e s u l t  was 
e s t a b l i s h e d  many y e a r s  ago  by Warburg (20) f o r  a  p r o c e s s  
e n t i r e l y  c o n t r o l l e d  * by d i f f u s i o n *
The r e l a t i v e  im p o r t a n c e  on t h e  t r a n s i e n t s  can be judged  
f rom  F i g .  13 w h ich  shows a l o g a r i t h m i c  p l o t  o f  t h e  i n i t i a l  
a b s o l u t e  v a l u e s  o f  t h e  t r a n s i e n t s  and  t h e  a m p l i t u d e  o f  t h e  
s t e a d y  s t a t e  t e rm  a g a i n s t  t h e  d i m e n s i o n l e s s  g ro u p  a 2/u>  .
The r e l a t i v e  V a lues  o f  t h e  t r a n s i e n t s  w i t h  r e s p e c t  t o  
t h e  s t e a d y  s t a t e  t e rm  a r e  p l o t t e d  i n  Fig* 14- a g a i n s t  6ot f o r '  
t h r e e  v a l u e s  o f  t  and  f o r  a 2/u; = 1 ,  I t  i s  s een  t h a t  t r a n s i e n t s  
v a n i s h  r a p i d l y  -  a f t e r  a few c y c l e s  -  and t h a t  t h e y  s h o u ld  
n o t  p r e v e n t  d i r e c t  measurem ent o f  t h e  a m p l i t u d e  o f  t h e  














l r  Aciams, N, K-
The P h y s i c s  and  C h em ig t ry  o f  S u r f a c e s
O xford  U n i v e r s i t y  P r e s s v O x f o r d , '1941  s C h a p te r  V III*
2« B e r z i n s ,  1\.
E l e c t r o l y s i s  o f  C o n s t a n t  C u r r e n t  i n  U n s t i r r e d  S o l u t i o n s ; 
tlo So t h e s i s  „”T o u i s i a n a  S t a t e  U n i v e r s i t y ,  1$53 °
3o B o c k r i s ,  Jo
Modern A s p e c t s  of  E l e c t r o c h e m i s t r y
B u t t e r w o r t h s  S c i e n t i f i c  P u b l i c a t i o n s  y London, 1 9 54«
l+o - B o r n ,  Mo 
O p t i k
Edwards B r o t h e r s ,  I n c o  Ann A rb o r ,  M ic h ig a n ,  1943* p« 4$3 •
5» B u t l e r ,  *Jo A-
E l e c t r i c a l  Phenomena a t  I n t e r f a c e s  
Methuen and  Coo Ltdo , T o n d o n , 1951-c*.
6 0 B u t l e r ,  Jo A. ;
fIA K i n e t i c  T heory  o f  R e v e r s i b l e  O x i d a t i o n  P o t e n t i a l
a t  I n e r t  E l e c t r o d e s ,T
f r a n s o F a r a d a y  S o c o, 19> 729 [ 192k ) ,
1 * C a r s l a w ,  Ho So and  J a e g e r ,  Jo Co 
C o n d u c t io n  o f  Heat  in  S o l i d s  
O x fo rd  U n i v e r s i t y  P r e s s ,  O x fo rd ,  1947-
£ o ‘ C h u r c h i l l ,  Ro Vo
Mod ern  O p e r a t i o n a l  M a th e m a t ic s  i n  E n g i n e e r i n g  
M cG raw -H il l  Book Cou , New York^ 1944*
9o D e la h a y ,  P,
New I n s t r u m en t a l  Methods i n  E l e c t r o c h e m i s t r y  
T n t e r s c i e n c e H P u b l i s h e r s  , T n e - 1; New Y ork ,  '1954®
10 B ^Delahay ,  P.
" U n i f i e d  T h e o r y  o f  P o l a r o g r a p h i c  W av es "
L  Am,, Chem. See u 7.5 1430 (1953)
11 .  E lm o re ,  WC . .  and  S a n d s ,  Mo
E l e c t r o n i c s  E x p e r i m e n t a l  T e c h n i q u e s  
M c G r a w - H i l l  Book Co., , New Y o r k ,  1949.. pp- 95 -105-
1 2 u Er s h i e r *  B V.
" I n v e s t i g a t i o n  o f  E l e c t r o d e  R e a c t i o n s *  by  t h e  M e th od  o f  
C h a r g i n g  C u r v e s  and. w i t h  t h e  A i d  o f  A l t e r n a t i n g  C u r r e n t s "  










2 2 , 
23 -
64
F ru m k in „ A. and  D o l in ,  P.
" K i n e t i c s  o f  P r o c e s s e s  on t h e  P l a t i n u m  E l e c t r o d e "
A c ta  P h y s i c o c h im c. Uo Ro So S o ,  12 ,  793 (1 9 4 0 )-
G e r i s h e r ,  Ho
" W e c h s e l s t r o m p o l a r i s a t i o n  von E l e k t r o d e n  m i t  einem 
p o t  e n t i a . l - b e s t im m e n d e n  S c h r i t t "
Zo p h v s i k o Chem,; 206 ( 1 9 3 1 ) .
G e r i s c h e r p Ho
" K i n e t i k  d e r  E n t l a d u n g  e i n f a c h e r  und kom plexer  Z in k -  
i o n e n "
Zo p h v s i k o -Chem „ 202., 302 (1953 )'
G e r i s c h e r . ,  Ho
"Zum E n t l a d u n g s m e e h a n i s m u s . von Komplex^Ionen"
Zo E le k t ro c h e r n 0- 97 604 {1 9 3 3 ) .
G i e r s t ,  L,. and  J u l i a r d ,  A,
P r o c e e d i n g s  o f  t h e  Second  M e e t in g  o f  t h e  I n t e r n a t i o n a l  
Com mittee  o f  E l e c t r o c h e m i c a l  Thermodynamics and K i n e t i c s  
f a m b u r i n i ,  M i l a n r 1950,  pp„ 117 ,  279«
G l a i s h e r . ,  J ,  W, .rv
"On C e r t a i n  D e f i n i t e  I n t e g r a l s "
P r o c o London Math, S o c * 0 4..0 48 (1872 ),,
G l a s s t o n e ,  S., y La i d l e r , ,  K, J„ and  E y r i n g P Ho 
The T h eo ry  o f  R a t e  Proc ess  es 
M cGraw -Hil l  Book Con„ New Y ork ,  1941 ,  p.- 577.
Grahame* Du Co
" M a th e m a t i c a l  T heory  o f  t h e  FaJrada ic  A d m i t t a n c e "
J„ E l e c t r o c h e m, S o c , „ 99, C3?0 (1952)
Grahame . u C
"The E l e c t r i c a l  Double  Layer  and  t h e  T h eo ry  o f  
E l e c t r o c a p i l l a r i t y "
Chem, Reus 4I  4 t i  ' 1 9 ^ ° ) -
K i m b a l l ,  G h.
" E l e c t r o d e  R e a c t i o n s "  1 
J ,  Chen- Phy; 8 19°'
Lachlan . ,  N W.
Complex V a r i a b l y  and 0 per a 1 1 or a l  Ca l c u l u s  
Macmilan New York. 1912 p, 22
65
21+e Lorenz.,  W,
ft0 s c i l l o g r a p h i c  O v e r v o l t a g e  M easurem en ts '1 
Zc E l e k t r o c h e n u .. 112 ( 1 9 5 4 h
2 5 o MamantovM Go
S t u d i e s  in  V o l ta m m e try g Mo So t h e s i s ,
L o u i s i a n a  S t a t e  U n iv e r s i t y , ,  1954 ■
26o M atax ,  Co Co
V o l ta m m e try  a t  Constant.  C u r r e n t  and I t s  A p p l i c a t i o n s  
jH  C hem ica l  K ine tT cs  0 P h ,> Jj& c T i s s e r t a t i o n ,
L o u i s i a n a  S t a t e  Univ e r s i t y 1 9 5 3 °
27-- Mi H e r  s W „ L and Gordon; A, R,
"N u m er ica l  E v a l u a t i o n  of  I n f i n i t e  S e r i e s "
J  . P h y a* Chem , 2872 (1931) ■
28,, R a n d l e s ,  J E, B *
" K i n e t i c s  o f  R ap id  E l e c t r o d e  R e a c t i o n s "
D i s c u s s i o n s  F a ra d a y  Soc«> i( 1 ,  11 ( 1 9 4 7 ) 0
29o R a n d l e s p Jo E* Bo
" K i n e t i c s  o f  R ap id  E l e c t r o d e  R e a c t i o n s "  
f r a n s o F a ra d a y  Soc o 0 4# , 8 2 8  ( 1 9 5 2 ) .
3 0 o R a n d le s  , Jc E. B- and S o m er tan ,  K, W ■.
" K i n e t i c s  o f  R ap id  E l e c t r o d e  R e a c t i o n s "
T ra n so  F a ra d a y  S o c . ,  ^ 8 ,  937,  951 (1952)o
3 1 e RiuSp Aop P o lo ,  So ,  and L l o p i s ,  J ,
" C o n c e n t r a t i o n  P o l a r i z a t i o n  and i t s  Dependency on Time" 
A n a le s  R e a l  S o c ,  E s p a n . F la  . v Quim.o c 4 5 B 1029 (1949)«
32- Rubin  v H, and C o l l i n s  F C-..
" C o n c e n t r a t i o n  O v e r p o t e n t i a l  a t  R e v e r s i b l e  E l e c t r o d e s "  
:Io Pbys o Chem 9 ~,8 ( 1 9 5 4 ) ^
33» S a n d (. Hu J .  S.
"On t h e  C o n c e n t r a t i o n  a t  t h e  E l e c t r o d e s  in  a S o l u t i o n  
w i t h  S p e c i a l  R e f e r e n c e  to  t h e  L i b e r a t i o n  o f  Hydrogen 
by E l e c t r o l y s e  of a M ix tu re  of  Copper S u l f a t e  and  
S u l f u r i c  A n d "
P h i l  May: ' A L J  '* c /
34 u Vi e l  31 i ch . W - arid Ger ' s er , H.
"Zur El ekt.rolyot* b e i  k o n s ta n te m  El e k t ro d 'e n p o t e n t - i a l "  ■
Zo phys ik Chem . , N-. F. 4 ■2 ( 1 5 ) »
VITA
T a l i v a l d i s  B e r z i n s  was b o rn  Ju n e  1 9 ,  1924 ,  i n  L i t e n e ,A
L a tv i a n  He r e c e i v e d  h i s  e l e m e n t a r y  e d u c a t i o n  i n  t h e  l o c a l
f rom  w h ic h  he g r a d u a t e !  1943 o
I n  1945 he w en t  t o  Germany and s t a y e d  t h e r e  u n t i l  1950* 
W h i le  i n  Germany, he  a t t e n d e d  t h e  B a l t i c  U n i v e r s i t y  in  Hamburg 
f o r  t h r e e  y e a r s o
In  1950 he e n t e r e d  t h e  U n i t e d  S t a t e s  and c o n t i n u e d  h i s  
e d u c a t i o n  i n  t h e  L o u i s i a n a  S t a t e  U n i v e r s i t y ,  w here  he  r e c e i v e d  
t h e  B a c h e l o r  o f  S c i e n c e  D eg ree  in  J u n e ,  1952n
He e n r o l l e d  in  t h e  G r a d u a te  S c h o o l  o f  L o u i s i a n a  S t a t e
U n i v e r s i t y  i n  1952 and  r e c e i v e d  t h e  d e g r e e  o f  M a s te r  o f  
S c i e n c e  in  J u n e ,  1953 <> He i s  now a c a n d i d a t e  f o r  t h e  d e g r e e
p u b l i c  s c h o o l ,  and  e n t  ’ " S t a t e  High S c h o o l  a t  B a l v i ,  L a t v i a ,
■r
of  u o c t o r  o f  P h i lo s o p h y c
EXAMINATION AND THESIS REPORT
Candidate: T aliva ld is Berzina
Major Field: Chemistry
v
Title of Thesis: New Methods fo r  the Study o f Fast Electrode Reactions
Approved:




I f  u
Date of Examination:
'7j 'A 7 : / ^ -
